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ABSTRACT 

The design of a low profile antenna operating over wide bandwidth with enhanced radiation 

performance is the objective of this work. The methods to improve the operational bandwidth, 

reduce the size and enhance the radiation properties such as directivity and gain, while 

minimising the beam squint for an antenna are presented. Two antennas are designed: an 

electrically small antenna (ESA) integrated with an active circulator for simultaneous signal 

transmission and reception (duplex operation) operating over a wide bandwidth and a Fabry-

Perot cavity antenna having high directivity and gain with reduced beam squint.  

A negative group delay (NGD) concept is used in lumped element implementation and in 

frequency selective surface implementation for achieving the objectives of this work. A 

detailed study is carried out on the filter based NGD network design. The NGD network 

impact is clearly demonstrated: in adjusting the impedance characteristics for the design of an 

ESA; in achieving wideband signal cancellation for the active circulator and in optimising the 

phase characteristics of a high impedance surface (HIS) for the design of a wideband Fabry-

Perot cavity antenna with reduced beam squint.  

A low profile ESA is designed using a NGD matching network.  The passive NGD network 

offers wide bandwidth impedance matching for an antenna over the frequency band, far lower 

than the quarter wavelength resonance frequency associated with the physical length of the 

antenna. The inevitable transmission loss of the NGD based matching network is 

compensated using an active circulator. This enables the ESA to be used in duplex mode. An 

active quasi-circulator operating over a wide bandwidth, working on a signal cancellation  

principle is designed using NGD networks. The employment of the NGD network achieved 

signal cancellation over a wide bandwidth. This network also offered extra design flexibility 

in terms of optimisation and selection of gain blocks. The ESA is integrated with an active 



circulator of 14% bandwidth operating at 1.8GHz. The average 5dB gains in the transmission 

and reception paths are used to compensate the losses of the matching network. This novel 

antenna is suitable for duplex operation over a wide bandwidth.  

The prototypes of the ESA and the active circulator are fabricated and tested separately. An 

ESA operating at 1.08GHz ( =0.98l/2p)  of 50% bandwidth with a physical length of 43mm 

is designed and tested. This method is more stable and effective than those that are reported in 

the literature. The performance parameters of the ESA are discussed in detail. A three-port 

active circulator (clockwise: transmitter, antenna, receiver) operating at 1.5GHz with 200MHz 

(14%) bandwidth offering 20dB isolation between the transmitter and the receiver is 

fabricated and tested. Between any pair of ports the average gain in the clockwise direction is 

5dB and the isolation in the anti-clockwise direction is greater than 20dB. The noise figure is 

less than 5dB from the antenna to the receiver. Using the proposed method the bandwidth of 

the circulator is improved almost 30 times compared to a similar design reported in the 

literature. 

A Fabry-Perot cavity antenna operating at 10GHz is designed with a partially reflective 

surface (PRS) and a high impedance negative group delay surface. The HIS with NGD 

characteristics enabled the establishment of the resonance phase condition over a 0.75GHz 

bandwidth resulting in a wideband cavity antenna with reduced beam squint. The signal 

absorption along the HIS and the possible loss compensation techniques are also discussed. A 

lossy design has exhibited only 0.20 per 100MHz beam squint over 1.5GHz bandwidth with 

degraded directivity and gain. A loss compensated model has exhibited 1.30 per 100MHz 

beam squint over 0.75GHz with improved directivity and gain of 19dBi and 5.6dBi 

respectively.  
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1 

Chapter 1: Introduction 

The successful establishment of wireless communication technologies for use in commercial 

and public services changed day to day life. There is a demand for techniques and methods for 

achieving stable wideband operation in electronic circuits in order for the wireless 

communication systems to provide better services. The inherent characteristics of electronic 

components, the limitation of physical laws, the tolerance of fabrication facilities, the inter 

dependency of sub-systems and many other issues have made the design of a wideband system 

challenging. 

Different types of antennas have certain operational bandwidth limitations. For example, a 

dipole antenna generally operates over 10% bandwidth, whereas a patch antenna has an smaller 

operational bandwidth. An electrically small antenna operating over a wide bandwidth of 20% 

is even more complicated to design [1]. The impedance matching of an antenna over a wide 

bandwidth is a design challenge. By using a single antenna for both transmission and reception, 

portable devices such as wireless communication devices and radar systems can be made more 

compact. Circulators can be used to achieve this duplex operation. A compact circulator with 

an integrated antenna, operating over a wide bandwidth and offering enough electrical isolation 

between the transmitter and receiver is another design challenge. Meta-material based surfaces 

are useful in designing compact directional antennas. Achieving the adaptive phase 

characteristics for a meta-surface would improve the performance of frequency selective 

surface antennas. Even though there are many techniques in use and many other techniques 

have been proposed in literature, any further work to improve these processes will be of benefit. 

This is because the quality of these processes has a large effect on the overall system 

performance.   
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Any passive nondispersive two terminal reactance that exhibits negative slope with frequency 

is called a non-Foster element [2, 3]. A negative inductor or a negative capacitor is an example 

of a non-Foster element. These non-Foster elements are implemented as active networks and 

are very effective in addressing some of the above design challenges [4-7].  

Negative group delay (NGD) means a negative delay in propagation. The NGD network makes 

the peak of a RF pulse envelope appear to lead the input peak. However, due to causality at the 

start and stop points of a wave, the input peak will be leading the peak of a RF pulse envelope. 

The NGD networks can be implemented using passive elements [8]. The non-Foster behaviour 

can be implemented using the NGD passive networks and these are more stable than active 

implementations. These networks act as a negative reactance element and can be used to 

compensate the antenna reactance to achieve impedance matching over a wide bandwidth. 

In addition to the techniques that are presented in literature, in this thesis an investigation has 

been carried out to find out the impact of the NGD network in establishing an effective process 

to achieve wideband functionality in various scenarios.  The extent to which the NGD network 

would be able to overcome the bandwidth and stability limitations that are presented in 

literature is also investigated.  Compatibility with MMIC technology is also verified to ensure 

that the proposed concepts are suitable for low profile applications.  

1.1 Motivation  

The overall operational bandwidth of an electronic device depends on the performance and 

bandwidth of the internal circuit. In most electronic systems this restricts their operation to 

narrow bandwidth. In the majority of cases the impedance matching and signal cancellation 

over wideband depend on optimising the reactance of an electronic component or a microstrip 

line. The conventional method to compensate the capacitive reactance with an inductive 
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counterpart or the inductive reactance with a capacitive counterpart is possible at a single 

frequency or over a very narrowband, according to the broadband matching theory developed 

by Bode, Fano and Youla [9-11]. With the use of the negative capacitor or negative inductor, 

the  positive capacitive reactance or the positive inductive reactance of an antenna can be 

compensated respectively and impedance matching can be achieved over a wide frequency 

range. The NGD networks behave as negative passive elements and have a profound impact on 

the resonance characteristics of an antenna or a microstrip line. The NGD network can be 

implemented in different forms such as lumped, distributed and MMIC technology. These 

networks can be designed and fabricated at different parts of the frequency spectrum. 

A filter based NGD network is used as an impedance matching network, for signal cancellation 

over wide bandwidth and for designing a frequency selective surface with adaptive phase 

response. Filter design by the insertion loss method is used to design the NGD network and the 

filter theory is useful in the analysis of these networks  [12, 13]. This approach also guarantees 

a design with precise specifications and the desired functionality. Different possible realisations 

of the filter extend the scope of the NGD network to different design environments and different 

parts of the frequency spectrum.  The best impact of a NGD network can be seen by selecting 

a suitable realisation depending on the application and specifications. A firm foundation for the 

theoretical analysis of NGD networks that are used in this work is guaranteed by adopting a 

filter-based design approach. The NGD networks are realised in the form of lumped element 

networks and frequency selective surfaces. The circuits are designed to operate in the L, S (1-

3GHz) and X (10GHz) bands for feasibility and simplicity of prototypes to validate the 

proposed concepts. With appropriate implementation the proposed concepts can be used at 

higher frequencies. Availability of gain blocks is another factor to consider when designing 

prototypes at a higher frequency. 
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1.1.1 NGD based Electrically Small Antenna  

The footprint of an antenna needs to be as small as possible in handheld and low profile 

applications, but the size of an antenna is inversely proportional to the operating frequency. The 

limitations and design issues of an electrically small antenna (ESA) are discussed by Wheeler 

and Chu [14, 15]. The ESA’s are observed to have the following issues: high Q-factor due to 

low input impedance and high reactance, relatively small gain-bandwidth product and degraded 

efficiency.  

The antenna impedance matching can be achieved using NGD networks [16]. By acting as a 

negative reactance The NGD network compensates the antenna reactance resulting in 

impedance matching over a wide bandwidth. Moreover, with the use of a NGD network an 

antenna can be impedance matched at frequencies far lower than the resonance frequency 

associated with the quarter wavelength of the antenna. The optimisable impedance 

characteristics of the NGD network provides necessary real and imaginary parts to impedance 

match the antenna at the desired frequencies. Instead of an active network, in this work a passive 

NGD network is used as a matching network. However, the inevitable insertion loss of a NGD 

network has to be compensated by using an amplifier. By using a unilateral amplifier the loss 

can be compensated, but the duplex operation cannot be achieved. The bidirectional amplifier 

can be used, but these designs are complex and  more susceptible to stability problems.   

1.1.2 NGD Based Active Circulator  

A low profile, lightweight wideband active circulator integrated with an electrically small 

antenna is desired in wireless self-powered devices like handheld devices and radar systems. 

Though the stable passive bulky ferrite based circulators are the first model for the circulator 

concept, accommodating these is always challenging. To overcome the limitations of 
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conventional Ferrite-based circulators, many alternative models designed based on transistors, 

op-amps, phase shifters, transmission lines, dividers and combiners and couplers have been 

published in literature[17-19]. The designs presented in literature suffer with narrow bandwidth 

and/or instability. The majority of the designs published are implemented using Monolithic 

Microwave Integrated Circuit (MMIC) technology, leaving very little scope to customise the 

models for different environments. Power handling capability is another parameter that needs 

to be addressed. Part of the presented work in this thesis is motivated by the need for a wide 

bandwidth active circulator operation in mobile communication devices and radar systems.  

A NGD based wideband active circulator working on signal cancellation phenomena is 

designed and tested in this work. In a hybrid ring configuration, a path from transmitter to 

receiver is formed in an anti-clockwise (ACW) direction to counteract the signal coming from 

a clockwise (CW) direction at the receiver junction. The NGD network has been incorporated 

in both CW and ACW paths of a circulator to achieve wideband signal cancellation at the 

junction of the receiver port. In an active circulator the receiver to transmitter isolation can be 

achieved when the two signals, arriving in CW and ACW directions at the receiver port, have 

equal magnitude and 1800 anti-phase. The ability of the NGD network to adjust its phase 

characteristics plays a crucial role, along with the amplifier, in establishing the signal 

cancellation condition over a wide bandwidth. 

1.1.3 NGD Based ESA Integrated with An Active Circulator  

An electrically small antenna integrated with an active circulator suitable for duplex operation 

operating over wide bandwidth is desirable. Most often while designing an active circulator a 

50W load will be replaced by an antenna. However in practice the impedance characteristics of 

an antenna will deviate from the ideal 50W load with the change in frequency.  In such designs 
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the performance of the active circulator will change considerably when a practical antenna is 

connected.  An active circulator with an integrated antenna with duplex operation working over 

a narrow bandwidth is reported in [17]. In some circulator designs the antenna works either in 

transmit mode or in receive mode, but not both [20].  More designs from the literature are 

discussed in the next chapter. 

In this work a NGD based electrically small antenna is integrated with an active circulator. The 

active circulator is designed with sufficient gains in the transmission and reception paths to 

compensate the loss due to the matching NGD network. This will enable the ESA to be used in 

duplex mode over a wide bandwidth. It is observed that the proposed concept is valid for 

different types of antenna. 

1.1.4 NGD Based Cavity Antenna  

The concept of cavity antennas was well established and proved to be efficient in designing the 

antenna with high directivity and gain. A cavity antenna designed using the Partially Reflective 

Surface (PRS) and  High Impedance Surface (HIS) is presented in literature as a high gain and 

highly directive antenna, yet the bandwidth has always been narrow [21-24]. Despite the 

advantages of a cavity antenna, in the conventional designs the resonance phase condition 

between the HIS and the PRS can be established only over a very narrow bandwidth. This limits 

the operating bandwidth and could lead to beam squinting. Establishing the phase condition 

over a wide bandwidth would eventually produce a wideband high gain highly directive cavity 

antenna with reduced beam squint.  

In the design presented in this thesis the negative group delay HIS has played a prominent role 

in designing a wideband cavity antenna with reduced beam squint. The wideband high 

directional cavity antenna has been designed by achieving a satisfactory phase condition 
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between the PRS and the NGD based HIS over a wide bandwidth. The concept has been verified 

by full wave simulation.  

1.2 Structure of the Thesis 

The arrangement of the thesis is discussed in the following and is shown in Fig.1.1.  

v The design aspects and literature in connection with the concepts that are used in the thesis 

are discussed in chapter 2. The NGD network design approaches and characterisation, as 

well as the advantages and disadvantages of the techniques that are used in the proposed 

models in comparison with literature are presented. The design constraints and various 

approaches to the design of circulators are presented. The literature on ESA and Fabry-

Perot cavity antennas is also discussed in chapter 2. 

v Filter based NGD network analysis, design, prototyping, advantages and disadvantages are 

discussed in chapter 3.  

v ESA design aspects, specifications, and the use of a NGD network to achieve impedance 

matching, including the operating principle and noise figure analysis are presented in 

chapter 4, see Fig 1.2(a). The non-Foster matching principle is shown in Fig. 1.3. 

v Achieving signal cancellation by using a NGD network for designing a wideband active 

circulator is presented in chapter 5, see Fig. 1.2(b). Integration of an ESA with the active 

circulator to demonstrate the duplex communication model is also presented. The gain 

needed to compensate the loss introduced by the matching NGD network is provided by 

the active circulator in transmission and reception mode, Fig. 1.2(c). The operating 

principle, analysis, fabrication issues and measurement results are discussed in detail in 

this chapter. 

v The use of a negative group delay high impedance surface to design a wideband highly 

directive cavity antenna with reduced beam squint is presented in chapter 6, see Fig. 1.2(d). 
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Theoretical analysis, realisation of the concept to fabricate the prototype and the results are 

discussed. 

 

 

 

  

  

 

 

 

 

 

 

 

 

 

Fig. 1.1 The structure of thesis 

Chapter 2: Design theory and literature: 
NGD network design approaches; 
Filter–based NGD design process. 

Chapter 3: NGD network: 
Filter based design and analysis; 
Characteristic analysis of NGD network; 
Prototype. 
 

2.2: NGD network to achieve 
signal cancellation over a 
wide bandwidth for an active 
circulator integrated with an 
ESA 

2.1: NGD network to 
achieve impedance 
matching for electrically 
small antenna 

 

Chapter 5: Active circulator integrated with an 
ESA: Design & analysis; 
NGD-based wideband active circulator integrated 
with an ESA; 
Operating principle; 
Theoretical analysis; 
Active circulator measurements; 
Fabrication and measurement limitations. 
 

Chapter 4: Electrically small antenna: 
NGD-based impedance matching of an antenna; 
   Design constraints of an ESA,  
   Design and analysis of an ESA, 
ESA fabrication and measurements; 
Performance parameters of an ESA. 

  
 

2.3: Highly directive wide 
bandwidth Fabry-Perot cavity 
antenna designed with High 
Impedance surface with NGD 
behaviour to reduce beam squint. 

Chapter 6: Highly directive cavity antenna 
with reduced beam squint:  
High impedance surface with NGD 
behaviour; 
Design and analysis of cavity antenna; 
Loss compensation model. 
 

Chapter 7: Conclusion & Future work: The effective use of a NGD network in designing the 
active circulator with an integrated ESA and the wideband cavity antenna with reduced beam 

squint. Future work involves implementation of these design in MMIC technology and 
investigating the possibility of using NGD networks at higher frequencies. 
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Fig. 1.2 The overview of the work presented in the thesis (continues to next page) 
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Chapter 2: Design Theory and Literature 

The objective in this thesis is to study the possibility of using the NGD concept to address the 

issues such as antenna matching, signal cancellation and reduction of beam squint. In this 

chapter various techniques and methods from literature to address these issues are discussed. 

Different approaches to design and implement NGD networks are also presented.   

Any passive non-dispersive two terminal reactance that exhibits negative slope with frequency 

is called a non-Foster element. The non-Foster elements are implemented using active circuits. 

Non-Foster networks are a very effective solution for wide bandwidth matching of an antenna 

and modifying the signal characteristics. In literature, non-Foster network implementation is 

reported using negative impedance convertors[1-3]. Being active designs, they suffer from 

stability issues. Active components such as amplifiers are the core of a negative impedance 

convertor design. Any variation in biasing of the amplifier would lead to degraded performance 

and the network may not exhibit non-Foster behaviour. NGD networks however also exhibit 

non-Foster behaviour and these can be implemented as passive designs, resulting in stable 

operation. Though amplifiers need to be used for loss compensation with a NGD network, the 

overall design is more stable than the negative impedance convertors. This is because the actual 

NGD behaviour is achieved by a passive network and the amplifiers are employed as gain 

blocks. This gives freedom for stable amplifier design resulting in improved stability of the 

overall system.  

The negative group delay is defined in the study of Sommerfeld and Brillouin [4] on the 

propagation of light in a dispersive medium. They defined  the group velocity as the pulse 

envelope propagation speed and the front velocity as the abrupt disturbance (initial transient 

period, when signal is turned-on suddenly) propagation speed, which are used to characterise 
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the narrow-band pulse. They successfully demonstrated the fact that within an absorption line 

in the region of abnormal dispersion, the group velocity would be greater than c (the speed of 

light in vacuum). Whereas, the front velocity is always positive and equal to light velocity in 

all circumstances. However, the peak of the pulse always lags the front, and the Einstein 

causality is still satisfied. In fact the superluminal (faster than light velocity) group velocities 

will be well exhibited in a dispersive medium in a specific segment of the spectrum while 

satisfying the causality [5]. Negative group velocity, negative phase velocity [6], negative 

refractive index [7] and superluminal velocities [8] are part of an irregular wave propagation 

phenomena. The negative group delay is the consequence of negative group velocity. The 

scenario where the output peak of a pulse precedes the input peak, characterises the medium 

with negative group delay behaviour. All physically realisable causal linear systems obey the 

Kramers-Kronig relations, however the absorption is inevitable in such media [5].   

Numerous NGD network designs are reported in the literature. Each method has its own 

advantages and limitations. The most relevant design approaches from literature are discussed 

in this section. Implementation of the concept and experimental verifications depend on the 

application environment and the availability of relevant technologies. In the academic setting 

most of the electronic principles and concepts in microwave frequency are realised using active 

elements, passive lumped elements, microstrip lines and in MMIC technology. Each of these 

implementations have different degrees of fabrication accuracy. 

2.1 Negative Group Delay Network Design Approaches  

An NGD network has been modelled by linear resistor-capacitor (RC) and resistor-inductor 

(RL) networks along with canonical transfer function and optimal bandwidth prediction 

formulas, as reported in [9]. A broadband NGD network implemented using distributed 
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transmission lines technique was presented in  [10]. A method of reducing the signal loss in a 

conventional NGD network was reported using a hybrid coupler along with resistors and 

transmission lines and the possibility of efficiency enhancement was demonstrated [11]. An 

optimisation method to reduce the number of resonators compared to that of conventional 

designs, to achieve the required group delay was reported in [12]. A flat NGD frequency 

response was demonstrated using multi-section asymmetric directional couplers accompanied 

with distributed amplifiers [13]. The method to design a NGD network with a predefined group 

delay value was reported, where the network was designed using RLC-resonators [14]. A NGD 

network design was reported using low-pass, high-pass, band-pass, band-stop active topologies 

[15, 16]. NGD network designs with periodical transmission lines which have an effective 

negative refractive index were reported in [17].  

For more NGD several stages of basic building blocks should be used, this increases the 

complexity and footprint of the circuit.  Most of the NGD circuits found in the literature can be 

classified as designs with lumped/distributed lossy structures, parallel stubs or left-handed 

metamaterial based periodical transmission lines having an effective negative refractive index. 

The lumped element based design is simple but the parasitic effects of passive elements and 

other structures on the PCB board will affect the phase response of the design. An accurate 

modelling of lumped elements is required. The distributed structures will be a help to accurately 

design the required values of passive elements. However, scaling of the design to work at 

different frequencies is not easy and sometimes not practical. The metamaterial based 

implementation is effective in reducing the size of the overall design and even scaling the 

structure to operate at different frequencies is easy. Fabrication of these structures is challenging. 

Table 2.1 summarises the various reported design approaches for NGD networks. 
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Table 2.1: Design approaches of NGD networks 

 Active Passive 

Lumped lossy structures 

• low-pass, high-pass, band-
pass and stop-band active 
topologies [15, 16] 

• RL-RC cells for first 
order low pass NGD 
[9] 

Distributed lossy structures 

• Multi section asymmetric 
directional couplers 
accompanied with 
distributed amplifier [18] 

 

• Parallel stubs, 
distributed 
transmission lines 
techniques [10] 

• Hybrid coupler along 
with resistors and 
transmission lines 
[11] 

• Half wavelength 
resonators [12] 

• J-inverter with series 
and parallel RLC-
resonators[14]  

Metamaterial concept  

• Periodical 
transmission lines 
with an effective 
negative refractive 
index [17] 

 

Linear filter based NGD topologies were introduced in [19] and [20]. The majority of the 

topologies were developed by low-pass and band-pass designs [18, 21-23]. The band stop filter 

synthesis is used to design the NGD network. In this design a low pass filter is  transformed 

into a band-stop filter for the NGD network [24]. Optimised resistors inserted in the resonators 

could give the desired values of NGD. These designs turn out to be the RLC resonators.  
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NGD Network: Design and Analysis 

For the Butterworth low-pass filter of Nth order shown in Fig. 2.1(a) element values can be 

obtained using Equ. 2.1 [25].  

!! = 2 sin (#!$%)'#( ,													) = 1,2, +                                                                (2.1) 

The resistive elements are added to design the NGD network as shown in Fig. 2.1(b).  

 

To determine the element values of the above network a frequency transformation from low 

pass to band stop  given in Equ. 2.2 should be applied  [25]. Assume ω0 be the centre frequency, 

,′be cut-off frequency and ω operating frequency. 

1
,′

← ∆/ ,,)
− ,), 1																																																																																																					(2.2) 

where Δ is the FBW(3dB-fractional-bandwidth) of the proposed network.  

The values for the parallel inductor and capacitor in the series branch (Lssk, Cssk) can be found 

using the following equations. 

5**! =
6)

!!∆,)
																																																																																																														(2.38) 

  

(a) Low-pass filter topology                 (b) NGD network 

Fig. 2.1 A low-pass filter transformed into the NGD network 
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9**! =
!!∆
6),)

																																																																																																														(2.3:) 

where Z0 = port impedance, gi = i-th prototype element value and ω0 = centre frequency of the 

NGD network. Likewise, the values for the series inductor and capacitor of the parallel branch 

(Lspk, Cspk) can be evaluated using Equ. 2.4. 

5*+! =
!!∆6)
,)

																																																																																																														(2.48) 

9*+! =
1

6),)!!∆
																																																																																																									(2.4:) 

The NGD will be obtained by adding resistors to the shunt and series resonators. To get a certain 

value of group delay τ, the resistor values can be calculated using the inductor and capacitor 

values in the respective resonators [26]. Each resonator produces slightly more group delay than 

what is obtain by the equation, so a correction factor α is used in Equ. 2.5 and 2.6 for accuracy. 

This is to compensate the extra group delay contributed by each resonator particularly in the 

higher order filters. The shunt resistor in a series branch (Rssk) is given by: 

<**! =
−6)
2 + >?6)2 @

#
− 46)5**!AB

2 																																																																													(2.5) 

Similarly, the series resistor in a shunt branch (Rspk) is given by: 

<*+! =

−AB
9*+! +D/

−AB
9*+!1

#
− 4AB
9*+! 6)

2 																																																																										(2.6) 

With this procedure a NGD network can be designed for required group delay value. Due to the 

added loss the signal attenuation is inevitable in the NGD networks. The smaller the magnitude 
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of S21, the higher will be the signal attenuation. The amplifier can be used to compensate these 

losses, however, complexity and stability concerns for the network will increase. Adding the 

amplifier for loss compensation of NGD networks, makes them  unidirectional and/or 

susceptible to stability issues. Either avoiding the use of an amplifier or limiting the use of 

number of stages is recommended. In practice there is a trade-off between the signal attenuation 

and the group delay value. The resistors in the NGD network can be optimised to balance these 

two parameters.  

The resonator based NGD networks have a narrow operational bandwidth. Therefore, if a 

wideband network is needed multiple stages should be used.  One possible solution is to design 

the NGD network with cascaded resonators of closely spaced centre frequencies  [27] and cross-

coupling between resonators [28]. For the NGD network the transmission coefficient, S21, 

magnitude is a function of frequency. More often in applications where a flat magnitude is 

expected this is a problem. However, the loss of a NGD network does not have to be 

compensated in every application. For example, the NGD networks can still be used for the 

signal cancellation application as discussed in the following chapters. 

2.2 NGD Network To Achieve Impedance Matching For Electrically Small Antenna  

For an antenna to be called electrically small, its physical length should be smaller than λ/2π (λ 

operating-wavelength). Chu-Harington theoretically determined the limitations on the 

operational bandwidth and efficiency of electrically small antennas (ESA) [29]. Many active 

matching networks for designing a wide bandwidth ESA are reported in the literature. A wide 

bandwidth ESA with Linvill’s negative impedance converter as a matching network is reported. 

These non-Foster networks have proved to be very effective in cancelling the capacitive 

reactance of the antenna and offering impedance matching [30].  A negative impedance 
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convertor is reported as an impedance matching network of an antenna in [31]. However, these 

active implementations have serious stability problems at microwave frequencies [32, 33]. As 

an alternative matching network a negative capacitor designed using digital-to-analog and 

analog-to-digital convertors supported by digital signal processing has been reported to 

overcome the stability problems [34]. A non-Foster negative inductor implemented using 

transistors is presented as a matching network [35].  For wireless communication systems a 

highly directional low profile Huygens-source ESA is reported in [36]. A reflection mode NGD 

network is used to match the antenna [37].  The designs reported above have stability issues 

and/or are not suitable for duplex communication. An ESA designed with a stable matching 

network suitable for duplex communication operating over a wide bandwidth is still a design 

challenge.  

2.3 The Need Of Wideband Signal Cancellation For The Active Circulator 

The necessity of  isolated transmitters and receivers in communication systems and radar 

systems for duplex action led to the invention of the circulator.  The size and weight advantages 

of the active circulator over that of the Ferrite-based were demonstrated [38, 39]. The first active 

circulator using transistors in a delay ring configuration is presented in [40, 41].  Active devices 

have been employed in order to achieve the required decoupling between receiver and 

transmitter for duplex operation. Compatibility of these techniques with monolithic microwave 

integrated circuit (MMIC) technology is an added advantage. Two possible designs of circulator 

are “three way” and “quasi”. Designs that offer full rotational symmetry are three way 

circulators. A lossy implementation of a three way circulator offers stable operation. An active 

quasi-circulator connects the transmitter to the antenna and the antenna to the receiver, but 

isolates the receiver from the transmitter. It  can be implemented with gains on transmit and 

receive ports [42]. 
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The aim is to find an active circulator with an integrated antenna which operates over a wide 

bandwidth. The following is such a design, but with some limitations. An active circulator 

implemented using amplifiers and ring configuration operating at 3.75GHz is reported in 

literature. An antenna is also integrated with this circulator, enabling full duplex communication. 

The CW and ACW paths were created to establish signal cancellation at the receiver junction. 

The operating bandwidth and power handling capacity are to be improved for this design [43, 

44]. 

There are various models published that have addressed different issues related to circulators. 

Though some designs have a wide bandwidth there are some performance limitations. In some 

designs either the antenna is not integrated or a unidirectional antenna is employed as discussed 

below. Table 2.2 and 2.3 present the classification and summary of the following designs.   

A fully integrated linearised CMOS 4-port circulator operating around 5.5GHz has been 

designed using bidirectional distributed amplifiers. An unity gain bandwidth of 11.5 GHz has 

been reported, however in each tuning state the isolation is good over a narrow bandwidth and 

the antenna operates in only one mode: either transmission or reception [45]. The stability and 

insertion loss characteristics are yet to be studied for this design. A CMOS multi-port active 

circulator designed with Bridged-T networks  has a bandwidth of 8.4-11GHz. However a 

∼55.8mW power dissipation, a large chip area, the power-handling capability and noise 

performance of the three-port active circulator are its limitations [46]. Branch line couplers and 

bidirectional constructive wave amplifiers are used for the design of a circulator. This 

reconfigurable circulator operates over the 62-75GHz bandwidth, but the feedback network has 

degraded the performance and there is a shift in the frequency of operation [47]. A wave guide 

circulator designed using waveguide-couplers and  FET-amplifiers operating over 17-21.5GHz 

has been reported [48]. The design is limited to wave-guide based applications, hence the size 
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of the design is a limitation. In addition above 21.5GHz this design can’t operate as a circulator 

because the gain of the FET decreases. Another MMIC circulator uses the signal cancellation 

phenomena and operates at 24GHz. This model has the disadvantages of higher insertion losses 

and a very narrow operational bandwidth [49]. None of the above designs met the need for a 

wideband circulator integrated with an antenna for duplex operation.  

A narrow band active circulator working by current reuse technology was presented. However 

the poor isolation between the antenna port and the transmitter port due to common gate 

configuration is yet to be addressed [50]. A CMOS wide bandwidth(1.5 to 9.6GHz) active 

circulator with high insertion losses(6dB) and high noise figure(15dB average) was reported in 

[51]. In a hybrid active circulator the phase compensation technique was used with a 

complementing phase shifter to achieve duplex action. A passive filter has been involved in this 

design [52], but the circulator stability analysis is yet to be done. Also the performance of this 

circulator with an  integrated wide bandwidth antenna is yet to be studied. An active circulator 

operating on out-of-phase cancellation technique was implemented by using two common 

source buffers for improved isolation [53], but suffers from high insertion losses. Another active 

circulator designed with an in-phase current combiner and a balun which consists of operational 

transconductance amplifiers was reported [54]. This design is very compact and has good 

isolation characteristics, but the performance of this design with an integrated antenna is yet to 

be studied.  A hybrid active circulator operating over 0.2 to 2.5GHz was reported [55]. This 

design suffers from insertion loss and assumes a 50W load, so the performance might change 

when an antenna is attached to this circulator. A passive distributed tunable active circulator 

for high isolation with tunable capacitive effect was presented. Though the tunable range is 

wide at any particular case the operating bandwidth is only ~0.3GHz and this model has 20dB 

noise figure in the antenna to receiver path [56]. An active circulator consisting of an Op-amp 
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based differential amplifier and voltage divider made of a chip-resistor is reported. The Op-

amp input impedance mismatch resulted in poor isolation and high insertion loss [57]. An 

integrated reconfigurable CMOS quasi-active circulator operating over 2.3 to 2.4 GHz 

bandwidth was accompanied by a reconfigurable antenna impedance matching circuit. This  had 

good receiver gain, but had 4dB transmitter to antenna insertion loss [58].  An active circulator 

with an integrated antenna operating over a wide bandwidth with a small footprint is yet a 

design challenge. Table 2.2 summarises the above review and shows a classification of 

circulators. 

Table 2.2: Different types of circulator designs and implementations 

Circulator type [42] 
3-Way Quasi 

Active Passive Active Passive 

NGD network based phase 
cancellation   

Proposed 

work 
 

Transistor based gain blocks [59, 60]  [38, 40, 41, 
43, 44]  

Bridge T network   [46]  

Couplers [47]    

Op-amp   [57]  

FET- waveguide-type [48]    

Distributed amplifiers [45]  [49, 56]  

Signal cancellation-
transistor   [50, 51]  

Phase compensation: 

Phase shifter, FET 
  

[52] 

[53] 
 

Operational 
transconductance amplifiers   

[54] 

[55] 
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Table 2.3 lists various circulator designs in the literature that are discussed above. Most of the 

designs reported here are implemented in MMIC technology. The design presented in this thesis 

is also compatible with MMIC technology. 

Table 2.3: Various circulator designs reported in literature 

Ref Type Dimension Application Made up of 

Operating 
frequency, 
bandwidth 

and 
parameters 

Limitations 

[44] 
Hybrid   
Ring-type 3-
port 

Total                    
50X40 
mm2 

Antenna           
20X12 
mm2 

To isolate the 
transmitter from 
the receiver in 

communication 
equipment. 

Gain blocks                
&                     

Microstrip lines 

Fc = 3.75GHz 

BW = 7MHz 

Isolation 
26.9dB 

Gain-Tx 
10dBi 

Gain-Rx 4dBi 

Bandwidth is 
low 

 

[45] 

Fully-
Integrated 
Linearized 
CMOS 4-
port 

Total 

1.89 X 0.8 
mm2   

Antenna    
280X220 

µm2 

Communication 
systems over 
fibre.  Ultra-

wideband and 
highly linear. 

Bi-directional 
Distributed 
Amplifier 

Unity gain 
BW 11.5 

GHz,               
5.5 GHz 

Isolation         
-26dB 

The stability of 
the design is 

yet to be 
studied. 

Insertion losses 
should be 
analysed. 

Antenna is 
unidirectional. 

[46] 

CMOS    
Ring-type    
3-port &      
n-port 
possible 

RF 
0.81mm2        

&                                
DC probes 
0.72 mm2 

For testing the 
reflection 

coefficient of an 
antenna and tx-
line integrity in 

the field using an  
extremely small 
reflection test 

instrument. Also 
for short-range 

radar. 

Bridged-T 
Networks 
(BTNs) 

8.4 to 11.1 
GHz 

Power 
consumption 

18.2 mW                                           

Isolation 
25dB                 

Transmission 
ratio 18.3dB 

Large chip area 
and a	power 

dissipation of 
∼55.8-mW. 
Low power 

threshold and 
high noise 

figure of a 3-
port active 
circulator. 
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Ref Type Dimension Application Made up of 

Operating 
frequency, 
bandwidth 

and 
parameters 

Limitations 

[47] 
Re-
configurable                  
3-port 

1.13 X1.10 
mm2 

Multi-band 
radar, built-in 
self-test and 

vector network 
analyser on-a-
chip system 

Branch line 
couplers                     

&  
Bidirectional 
constructive 

wave 
amplifiers 

62-75 GHz 

Insertion 
losses 7.4dB 

              
Isolation 

18dB 

Feedback 
networks 

resulted in 
performance 
degradation 
and a shift in 

operating   
frequency. 	

[48] 
Waveguide-
type                
4-port 

In cm's Waveguide 
circuit 

FET amplifiers       
&                             

fine-line 
circuits                  

&     
waveguide-

type directional 
couplers 

17-21.5 GHz 

Isolations 
40dB 

Forward 
Insertion loss 

0.1dB 

Over 21.5GHz, 
this circuit 

can’t operate as 
a circulator 
because the 

gain of the FET 
decreases. 

[49] 
Monolithic 
Circuit          
3-port 

0.55 x 0. 
64 mm2 

In transceiver 
systems, to be 
integrated into 

monolithic 
circuits 

FETs 

Insertion 
losses  

|S32|  9dB 
 |S2I| 8.5dB 

isolation |S31| 
30 dB,  

DC power 
consumption 

9.12 mW 

The isolation 
|S23| is poor 

from the 
receiver to the 

antenna.                              
Insertion losses 

are high. 

[50] 
Integrated 
CMOS 
circulator 

820x750 
um2 

Low power 
applications 

FET based 
current reuse 

method 

2.4GHz 

Isolation 
68dB 

Narrow 
bandwidth. 

High insertion 
losses. 

[51] 
CMOS 
active 
circulator 

0.72x0.57 
mm2 NA FET’s 

1.5 to 9.6 
GHz 

Isolation 
18dB 

Noise figure 
(15dB). High 
insertion losses 
(6dB). Stability 
analysis is 
needed. 
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Ref Type Dimension Application Made up of 

Operating 
frequency 
bandwidth 

and 
parameters 

Limitations 

[52] 
Hybrid 
active 
circulator 

NA RF/Microwave 
portable devices 

FET distributed 
amplifier and 

T-network 
phase shifters 

0.8-2.2GHz 

15dB 
Isolation 

0dB insertion 
loss 

Stability 
analysis is 

needed. 

[53] MMIC NA Radio system FET’s  

30GHz, 
Isolation 

12dB. 
Insertion loss 

7.9dB.  

Pcom 1.5mW 

High insertion 
losses    

(7.5dB) 

[54] 
Active 
MMIC 
circulator 

0.25mm2 NA 

Operational 
trans-

conductance 
amplifier 

1.5 to 2.7GHz 

Isolation 
26dB 

Insertion loss 
~3dB 

[55] 
Hybrid 
active 
circulator 

NA Network 
analyser 

Differential 
amplifiers and 

lossy 
broadband 
combiner 

0.2- 2.5GHz  

Isolation is 
only 15dB  

over 0.2 to 1.7 
GHz band. 4 
dB insertion 

loss.  

[56] 
Distributed 
Active 
Circulator 

1.67 X 
0.97 mm2 Radio system Distributed 

amplifiers 

5.3 ~ 7.3GHz 
tuning range  

Isolation 
30dB 

Noise figure 
20dB 

Insertion loss 
5dB 

[57] 
Op-Amp 
type             
3-port 

4 X 4 cm2 

Suitable for low 
frequency 

lumped element 
system 

implementation 

An Op Amp 
based 

differential 
amplifier and 

voltage divider 
using chip-

resistors                     

 0.5GHz 

insertion loss 
flatness 

within +/-0.8                                

Isolation 
20dB 

Poor isolation, 
high insertion 

loss and 
degraded 

performance. 
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2.4 Optimised High Impedance Negative Group Delay Surface For Cavity Antenna  

High directivity, low profile, high efficiency antennas are preferable for wireless 

communications. Beam steering technologies benefit from these types of antennas. A planar 

design with high gain-bandwidth product and efficiency is possible using  a patch array antenna. 

However unfortunately feeding mechanisms are complex and this limits the achievable gain 

bandwidth product and degrades the efficiency [61, 62]. Metamaterial based antennas, such as 

Fabry-Perot-type resonant cavity antenna (FP-Cavity antenna), proved to be highly directive, 

low profile antennas compared to the Horn antenna or other conventional high directivity 

antennas [63, 64]. A Fabry-Perot resonant cavity antenna comprises of passive structures: a 

partially reflective surface, ground plane and high impedance surface. These structures create a 

cavity with a primary radiator such as a dipole. Fig 2.2 shows the  Fabry-Perot cavity antenna 

evolution for high gain, high directivity, and wide operational bandwidth. 

 

   

Fig: 2.2 Development of Fabry-Perot Cavity antenna 

Fabry-Perot Cavity 
(FPC)

Artificial magnetic 
Conductor (AMC)

Planar antenna 
with high gain 

bandwidth

Multi-layer PRS

To reduce 
the profile

Partially Reflective Surface
(PRS)

Leaky-wave analysis

To enhance 
operational 
bandwidth

AMC (or HIS) with NGD
(To minimise the beam squint)
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The combined efforts of Trentini  [65] and James [66] unveiled a new concept, partially 

reflective surface (PRS), as an alternative to patch arrays to design high gain planar antennas.  

The distance and reflecting wave characteristics between PRS and ground plane determines the 

gain and bandwidth. When placed in front of a grounded waveguide aperture, PRS produces 

leaky wave and beam forming effects. Using structures such as superimposed dichroic 

microstrip antenna arrays [67], waveguides with partially reflecting walls [68, 69] and  

frequency selective surfaces (FSS) leaky wave phenomenon can be produced. The frequency 

selective surfaces are either an aperture in a conducting plane or an array of conducting elements 

(patches). Both the apertures and conducting elements can be designed in different shapes[70]. 

Due to the structure of FSS it acts as an electromagnetic wave filter. At the resonance frequency 

apertures allow the electromagnetic transmission and patches perform total reflection. However 

adjacent to resonance frequency, FSS acts as a partially reflecting surface [63]. 

The PRS consists of passive arrays of conducting elements printed on a substrate. The shape of 

these conducting elements can be arbitrary, but usually patches and dipoles are in use [63, 65, 

71, 72]. With the right height between the ground plane and the PRS a Fabry-Perot resonance 

cavity can be designed for enhancing the gain and directivity of the primary antenna. The design 

and analysis of a Fabry-Perot Cavity antenna using leaky-wave approach has been successfully 

demonstrated [73-79]. The use of a planar artificial magnetic conductor (AMC) ground plane 

has further reduced the profile of the FP-Cavity antenna to sub-wavelength values [80-84]. 

An inherently narrow operational bandwidth has always been a limitation of FP-Cavity 

antennas. The multi-layer PRS in a FP-Cavity antenna demonstrated significant improvement 

in bandwidth. Examples of this type of cavity antenna are: a double layer array of square 

metallic patch arrays with non-uniform conductor dimensions  [85]; a  double-layer square-ring 
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defected structure with increased phase [86]; a dielectric substrate with dipoles printed on both 

sides for a positive phase gradient [87] and a multi-layer PRS in [88].   

The multiple sources and multiple electromagnetic band gap (EBG) structures proved to 

improve the directivity [83, 89-91]. The phase agile cells were used to demonstrate the 

reconfigurable FP-Cavity antenna in [92]. And the dual band FP-Cavity antenna with high 

directivity has been reported in [93]. 

A wideband antenna with non-Foster behaviour in a PRS is reported in [94]. For enhancing the 

operational bandwidth of a FP-Cavity antenna a non-foster cavity boundary has been presented 

in [95]. According to this, the desired reflection phase characteristics can be obtained by 

replacing the Perfect Electric Conductor (PEC) ground with a ground that has the non-Foster 

behaviour. 

2.5 Observations From Literature And Proposed Solutions  

It is observed from the literature that designing an ESA for duplex communication over a wide 

bandwidth for low profile applications is still a design challenge. In the following section a 

novel approach to achieve this desired antenna is presented.  

2.5.1 The Proposed Filter Based Negative Group Delay Circuit Design Approach  

The proposed NGD network design flow is shown in Fig. 2.3. The proposed work involves 

investigation of the change in NGD network behaviour with filter types such as Butterworth, 

Bessel, Chebyshev 1 & 2 and Elliptic. The impact of filter order on group delay value and signal 

attenuation is also studied.   
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Using this procedure, the NGD network will be used for matching the antenna to design an 

ESA. NGD networks are also designed for the active circulator to achieve the signal 

cancellation over a wide bandwidth.  

2.5.2 Proposed NGD Based Electrically Small Antenna   

The low profile antennas are desirable to operate at low frequencies in wireless applications. In 

the proposed design the NGD network is used as an impedance matching network. The non-

Foster behaviour is achieved by the NGD network resulting in a negative inductor or negative 

capacitor effect for wide bandwidth matching. The optimisable resistor values help to 

impedance match the radiating element at frequencies far lower than the resonance frequency 

associated with the quarter wavelength of the antenna, as shown in Fig. 2.4. The validity of the 

proposed matching method with different types of antennas will be studied in chapter 3. The 

wide bandwidth and dual band matching possibilities will also be studied. 

  

Fig.  2.3 Proposed NGD network design approach 

Filter Specifications:
Type
Order

Stop band attenuation
Pass band attenuation

Stop bandwidth

Add loss (resistor) to the 
network 
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The losses of the matching NGD network will be compensated by the gains in the transmission 

and reception modes of an active circulator. This enables the proposed ESA to be suitable for 

duplex communication over a wide bandwidth. 

2.5.3 Proposed Active Circulator Using NGD Network    

The proposed active circulator works on signal cancellation phenomena. As shown in Fig. 2.5, 

equal amplitude and opposite phase is the necessary condition needed for signal cancellation to 

achieve isolation between the transmitter and the receiver. The quasi active circulator operation 

has been established by maintaining gains and isolations between respective ports. The NGD 

network will be used to achieve wide bandwidth signal cancellation. In addition the design 

method allows the amplifiers used in this design to be optimised for stable operation as shown 

in Fig.2.6. The MMIC compatibility of the proposed design makes it suitable for low profile 

applications. 

 

Fig.  2.4 Proposed NGD based electrically small antenna design flow 
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Fig.  2.5 Proposed NGD based active circulator 
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NGD network

Conductor
Substrate

Transmitter Receiver
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Antenna

  

Fig.  2.6 Proposed NGD based active circulator design flow 
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2.5.4 Proposed NGD Based Cavity Antenna with Reduced Beam Squint    

A low profile antenna with high directivity and gain and minimum beam squint over a wide 

bandwidth is still a design challenge. The Fabry-Perot cavity antenna formed by frequency 

selective surfaces has demonstrated an improved directivity and gain. In the proposed design 

the beam squint problem of the Fabry-Perot cavity antenna will be addressed. In conventional 

design the necessary phase condition between two surfaces of the cavity can be achieved only 

over a very narrow bandwidth. By introducing NGD behaviour in the high impedance surface 

the phase condition will be established over a wide bandwidth, leading to minimum beam squint, 

see Fig. 2.7. 

 

 

 

 

 

Fig.  2.7 Proposed NGD based Fabry-Perot cavity antenna design 
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Chapter 3: Negative Group Delay Network 

The negative group delay (NGD) behaviour of a network in transmission mode can be identified 

by the positive slope of a scattering parameters phase response. It is possible to have NGD 

behaviour in reflection mode as well. In this work transmission mode NGD networks are used. 

Non-Foster elements such as a negative inductor or a negative capacitor are useful for achieving 

impedance matching over a wide bandwidth. The phase characteristics of these elements can 

be controlled. Non-Foster networks have been developed using NGD networks [1]. The 

negative group delay is useful for compensating the positive group delay of a transmission 

line[2].  Impedance matching and signal cancellation using NGD networks is demonstrated in 

chapters 4 and 5 respectively. The customisable implementation of a NGD network makes it 

suitable for applications such as portable devices, radar systems and cellular communications. 

This chapter describes how NGD networks based on filter theory have been designed and tested. 

One way to identify the NGD behaviour is to observe the transmission S-parameter phase slope. 

The scattering parameters and the group delay are used to study the behaviour of NGD networks. 

Some loss is added to the filters to design the NGD networks. These passive non-Foster 

networks will always have a transmission loss. If necessary an amplifier could be used to 

compensate the transmission loss of the NGD network. Any positive slope for the transmission 

phase curve can be achieved over a range of frequency for a trade-off of transmission loss and 

design complexity.  

3.1 Filter Based Negative Group Delay Network Design and Analysis  

The NGD network design process using filter theory is detailed in this section. The filter’s 

stopband frequency range and the resistor added to the network will determine the bandwidth 
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over which the NGD behaviour can be achieved.  The proposed NGD networks are 

experimentally verified using lumped element implementation. 

Filter Based NGD Network Design 

The well-established filter theory is used as a basis to design the NGD networks. In this 

approach the NGD network can be designed with precision for the required specifications. The 

nature of the NGD networks can be better understood by this design procedure and this also 

provides a way to control the phase and loss characteristics.  

• NGD design: with 1
st
 order Filter 

In the proposed method the design of the NGD network starts with a band-stop filter. It is 

observed that the phase response of the band-stop filter can be easily changed to a positive slope 

phase response by adding sufficient loss by means of a resistor. In the proposed implementation 

the filter consist of inductors (L) and capacitors (C) connected in parallel and series orientation 

in series and shunt branches of the network  respectively. The number of these L and C resonator 

blocks per network depends on the order of the filter. To achieve the NGD behaviour a resistor 

is added in each branch.  

For the proposed applications in chapters 4 and 5, a NGD network with a linear positive phase 

response is advantageous in the optimisation process.  It is observed that the Butterworth filter 

has linear positive phase response compared to other types of filter. The phase responses of 

NGD networks designed using different types of filters are shown in the next section (Fig 3.5a). 

Hence the Butterworth band stop filter with added resistors is used to design a NGD network 

with non-Foster response. When an Elliptic filter is used to design an NGD network, it is easy 

to achieve negative group delay at different frequency  bands.  Using this type of filter it is easy 

to achieve a flat magnitude response for transmission coefficient over a wide bandwidth.  
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Step 1: Design Band-stop Filter with Required Specification 

For ease of analysis a 1
st
 order band-stop Butterworth filter, with 2GHz centre frequency and 

400MHz bandwidth has been used as shown in Fig. 3.1. The operating frequency and bandwidth 

can be selected, however there will be fabrication practicalities depending on the type of 

implementation.  

 

Step 2: Add Sufficient Resistance in Each Branch of the Filter 

A resistor is added in parallel to L and C as shown in Fig. 3.2. In the proposed design process 

the resistor is optimised to achieve the required transmission coefficient phase and magnitude  

characteristics. Though it is obvious that the added resistors will contribute to the transmission 

loss, the relation between these two is not directly proportional. Moreover the relation between 

 

 

Fig. 3.1 1
st
 order band stop Butterworth filter and transmission mode response 
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these two quantities becomes more complex when higher order filters are used.  With the 

availability of sophisticated computer aided design software such as AWR Microwave Office 

and CST  Microwave Studio the optimisation of the resistor values is easy and helpful in 

matching (chapter 4) and signal cancellation (chapter 5)  applications as it will be shown in 

these chapters. However, Equ. 2.5 and 2.6 can be used to determine the resistor values for a 

required group delay as presented in Chapter 2 from the literature [3]. 

 

For the NGD network, the transmission coefficient magnitude and positive phase slope are 

functions of the filter order, filter type and the resistors value. The following Fig. 3.3 shows the 

variation in NGD network transmission coefficient phase and magnitude responses with 

different resistor values. In this case loss and group delay values are increasing with the resistor 

value. 

 

Fig. 3.2 Filter converted into NGD network and filter based NGD response 
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Fig. 3.3 (a) Filter based NGD network phase characteristics with changing resistor value 

 

Fig. 3.3 (b) Filter based NGD network transmission coefficient magnitude characteristics 

with changing resistor value 
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The resistor values of the NGD network will determine the slope of the phase curve and the 

bandwidth over which the positive phase slope can be obtained as  shown in Fig. 3.4. In case 

of Fig.3.4 (a) bandwidth is defined as the frequency band over which phase response of the 

NGD network has a positive slope. 

 

 

     
Fig. 3.4 (a) Impact of resistor values on NGD network bandwidth. 
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Fig. 3.4 (b) Impact of resistor values on NGD network phase curve slope. 
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• NGD design: with 4th order filter 

Design flexibility and more NGD can be achieved with higher order designs. The variation in 

the NGD network response is further analysed with higher order design. A 4
th

 order filter based 

NGD analysis is presented in this section. A NGD network with non-Foster behaviour over a 

wide bandwidth is designed by the proposed process and it is shown in Fig. 3.5. For the  design 

of the NGD network the following filter specifications are used: A 4th order Butterworth band-

stop filter of centre frequency 2GHz and pass bandwidth 0.7GHz with 1dB and 10dB of pass-

band, stop-band attenuations respectively. The following two port network is used in 

transmission mode, for the transmission coefficient S-parameter (S21), port 1 is indicated as 

input port and port 2 is indicated as output port in the following Fig. 3.5 (b).   

 
Fig. 3.4 (c) Impact of resistor values on NGD network transmission coefficient 

magnitude  characteristics. 
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The series branch resistor 18 W and shunt branch resistor 100 W are obtained by the optimisation 

process. For optimisation a goal function is set to achieve -0.05 ns of group delay over 1.5 to 

2.5 GHz.  For both the resonators in series and in parallel resistor Rs and Rp are used 

  

(a). NGD network transmission coefficient group delay, phase and magnitude curves.                      

 

  (b). NGD circuit. 

Fig. 3.5 NGD network designed using fourth order Butterworth filter. 
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respectively. The Rs and Rp are variables in this optimisation process. In the AWR microwave 

office the “Discrete local search” optimiser is used with the following specifications: maximum 

iterations = 500; number grid levels = 1; allow increase (0-1) = 1; cost function is 1.802e-18 

for initial resistor values of 1Ω. After optimisation, cost function is 1.577e-24. The design in 

Fig 3.5 is presented to demonstrate the simplicity of the proposed design approach in achieving 

the required characteristics for the NGD network with the help of filter design theory.  

Different types of filters result in different NGD behaviour. Fig. 3.6(a) shows the phase 

response of a NGD network designed using different types of 4
th

 order filters. Bessel, 

Butterworth, Chebyshev 1, Chebyshev 2 and Elliptic filters are used. These filters differ in the 

flatness of transmission coefficient magnitude response and transition from pass band to stop 

band. The presence of ripples is another difference in character of these filters. A CST 

microwave studio filter synthesiser is used to design these 5 types of 4
th

 order filters. Following 

specifications are used: Frequency 2 GHz; Stop bandwidth 500 MHz; Stop band attenuation 

10dB; Pass band attenuation 1dB. A 50 Ω resistor is added to each resonator of these circuits 

to introduce loss and to obtain the NGD behaviour. The transmission coefficient magnitude 

characteristics of the network vary with the type of filter used in the design as shown in Fig. 

3.6(b). For the proposed applications in Chapters 4 and 5, the Butterworth filter type is used 

because of its linear phase response compared to other filter types. The maximum transmission 

loss, slope of the phase response and the bandwidth over which NGD could be achieved are 

determined by the filter order.  With an increase in the filter order the transmission loss and 

complexity of the network increases. These high losses necessitate the use of a compensating 

amplifier. However, a low-loss NGD network can be used in some applications depending on 

the loss-tolerance. The type and order of the filter should be selected based on the bandwidth 

over which the positive phase response is needed and the acceptable transmission loss.  
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The variation in transmission coefficient phase and magnitude  characteristics with the filter 

order is shown in Fig. 3.7. For the same filter specifications and resistor values the NGD 

network characteristics change considerably with the order. 

  

 

(a). Filters phase response with NGD behaviour 

 

(b). Variation in the S21 Magnitude due to added resistors 

Fig. 3.6 NGD network characteristics designed using 4
th

 order filters with 0.2GHz 

bandwidth stop band and 10 dB stop band attenuation. In each shunt and series resonator 

branch of the filter a 50Ω resistor is added to form the NGD network. 
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(a). Butterworth filter based NGD network phase response 

 

 

(b). Variation in S21 magnitude with the order of the filter 

Fig. 3.7. NGD network transmission coefficient phase and magnitude responses  with 

different filter orders. 
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With more resistors in the network in series (RS) and parallel (RP) branches there will be more 

design flexibility in terms of  phase response slope and transmission coefficient magnitude. Fig. 

3.8 shows change in phase and magnitude curves with decreasing RS and increasing RP. This is 

just one case study; other combinations of Rs and Rp are possible. 

  

 

Fig. 3.8. Butterworth filter based NGD network: change in linear phase bandwidth with 

Rp and Rs. With more resistors in the network more design flexibility can be achieved.  
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The NGD network phase and transmission loss characteristics could be optimised using the 

resistors in the network. The lossy passive NGD networks can be used in signal cancellation. A 

loss compensated higher order network offers more design flexibility. Even achieving different 

slopes for phase response over different portions of the frequency bands within the operational 

bandwidth is possible with higher order networks. The huge variety of filter implementations 

gives the possibility of different NGD network implementations. In any particular 

implementation of the filter if loss can be added there is a possibility for achieving the NGD 

behaviour. This will be further discussed in Chapter 6 using frequency selective surfaces.    

3.2 Filter Based NGD Network Experimental Results 

A fifth order Butterworth band-stop filter is used to develop the NGD network prototype. In the 

filter design, in each branch a resistor is added in order to achieve NGD behaviour. By 

optimising these resistor values in the network, the NGD characteristics are controlled. The 

reactive effects of any network/structure/junction can be represented as a two port equivalent 

network with idealised elements. These elements can be related to actual 

components/dimensions through S and Z parameters [1, 4]. To establish the fact that the NGD 

network acts as a non-Foster network, the equivalent T-network (this is explained in detail in 

Chapter 4 section 2) is designed for the proposed NGD network and it is shown in Fig. 3.9. The 

ideal series inductor and shunt capacitor of the T-network (this gives same behaviour as the 

proposed network) can be determined using the following equations [4].  

! = #$%&((!! − (!")
2,- 																																							(3.1) 

2 = 1
2,- ∗ #$%&((!")

																																						(3.2) 

Where f – frequency of operation 
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For obtaining the L and C values of the T-network for the prototype NGD network, reciprocity 

condition is enforced i.e., Z11=Z22, and Z12=Z21. The Z-parameters are obtained from the S-

parameters of the proposed NGD network.  

The NGD network is designed in AWR-MS using Modelithics library elements for RLC 

components. For the experimental prototype a Rogers RS5880 substrate of 1.57mm height is 

used. For the experimental prototype surface mount RLC components are used. The resistors 

of 0603 package and  ±0.5% tolerance from KOA Speer Electronics [5], the inductors of 0402 

package and ± 3% tolerance from Coilcroft [6] and the capacitors of 0402 package and ±0.05% 

tolerance from ATC [7] are used. 50W PCB SMA connectors are used for the input and output 

ports of the network. The ZVA-67 network analyser [8] is used to measure the scattering 

parameters of the fabricated prototype. The network is designed to operate in transmission mode 

as a NGD network. A positive slope for the transmission phase curve is observed in the 

simulation and measured results. 

 

 

(a) Ideal non-Foster network                             

 

(b) Experimental network element values. 

Fig.  3.9  Filter based NGD network prototype and its equivalent non-Foster circuit. 

 

 

L1= -55nH L2= -55nH

C = -0.33 pF

P1 P2

CP1=0.9pF CP2=0.9pF

LP1=5.1nH LP2=5.1nH

RS1=1Ω RS2=66.5Ω

LS1=1nH LS2=3.3nH

RP1=66.5Ω RP2=5Ω

CS1=12pF CS2=1.2pF

RS3=1Ω

LS3=1nH

CS3=8.2pF

Input 
P1

Output
P2



|C h a p t e r  3 :  N e g a t i v e  G r o u p  D e l a y  N e t w o r k  

 

 56 

 
The comparison of experimental and simulation NGD network transmission phase and 

magnitude characteristics are shown in Fig. 3.10 and Fig. 3.11. The NGD behaviour is well 

demonstrated both in the simulation and experimental models. 

A slight difference is observed in the simulated and measured results. The tolerance of surface 

mount components used for the prototype and the soldering are contributing to these differences. 

Inaccuracies in modelling the parasitic capacitance and inductance effects introduced due to the 

PCB layout and SMA connectors is another factor leading to the mismatch in these results.  

The ideal non-Foster equivalent network has zero transmission loss at 1.7GHz frequency, 

whereas the NGD network has around 20dB loss as shown in Fig. 3.11. Loss compensated NGD 

network transmission loss characteristics will be similar to that of the ideal equivalent network. 

Using an amplifier to compensate the NGD network loss will make the transmission magnitude 

characteristics of both circuits similar. 

          
      

 

Fig.  3.10  Comparison of group delay of the NGD network and ideal non-Foster network. 
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(a) Fabricated prototype of NGD network 

 

(b) The NGD network phase response comparison  

 

(c) The NGD network transmission coefficient magnitude characteristics  

Fig.  3.11  Filter based NGD network prototype characteristics 
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3.3 NGD Network Implementation Using MMIC Technology  

To demonstrate that the proposed concept can be developed for highly integrated applications, 

the NGD network is also designed in MMIC technology as shown in Fig. 3.12. The design is 

simulated using AWR Project Development Kit(PDK). This is an example PDK and helps to 

run the MMIC simulation using AWR Design Environment without the need of any specific 

foundry.  

For both the designs shown in Fig. 3.12 and 3.15 a circular microstrip inductor with strip bridge 

is used in the simulation. The specifications of this inductor are given: conductor width is 10µm, 

conductor spacing length is 5µm, angle of bridge departure is 0
0
, width of bridge strip conductor 

is 10µm, height of bridge dielectric is 2µm, length of bridge extension beyond inductor is 0, 

relative dielectric constant (permittivity) of the substrate layer between two metal layers that 

are forming a bridge is 1, loss tangent of bridge metal is 0, thickness of bridge strip is 1µm, 

bridge metal bulk resistivity (normalised to gold) is 1 W, number of turns (NT) and inside radius 

of innermost turn (R). The values of NT and R are given in the respective circuit diagrams. 

A thin film capacitor is used and the conducting plate widths are adjusted to get the required 

values as shown in Fig. 3.12. For the tunable MMIC NGD network design a Varactor diode is 

used as a capacitor as shown in Fig. 3.15.  

A thin film resistor is used for the design in Fig. 3.12. A MOSFET is used for the tunable NGD 

design as shown in Fig. 3.15, the width (W) and the number of fingers (NG) are varied to get 

the required resistance value.  

The circuit in Fig. 3.12(a) and the model in (b) have different element values. The ideal elements 

in the AWR MS software are used for the lumped element implementation. In both the 

implementations inductors and capacitors are achieved to resonate at 1.7 GHz frequency. The 

substrate details and the parasitic effects are not included in the lumped element network. By 
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using the parameter sweep the elements of the lumped network are  optimised to match the 

results of the MMIC implementation as shown in Fig. 3.13.  

 

 

 

 

(a). NGD network using ideal lumped elements. 

 

(b). NGD network implemented using MMIC technology.  

 

Fig.  3.12  The NGD network implemented in MMIC technology 
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(a). Transmission loss curves of NGD network 

 

(b). Phase response of NGD network 

Fig.  3.13  Comparison of NGD network characteristics in lumped element and MMIC 

implementations. 
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The NGD network characteristics are shown in Fig. 3.13 and 3.14. This possibility of NGD 

network implementation in MMIC technology helps in designing networks for low profile 

applications. 

3.4 Tunable NGD Network Implementation in MMIC Technology  

The tunability of the NGD network is also verified by replacing the capacitor and resistor with 

a Varactor diode and a MOSFET respectively in the series branches of the network. Fig. 3.15 

shows the MMIC design and corresponding lumped element network for one set of Varactor 

and MOSFET bias voltages. The group delay response of these two networks is shown in Fig. 

3.16. The bias voltages of the series Varactor diode and the series MOSFET are varied in order 

to observe the tuning of the NGD behaviour. For Varactor diode and MOSFET, data models 

are used with bias voltages and corresponds capacitance and resistance values respectively. 

 

Fig.  3.14  Comparison of MMIC NGD network group delay characteristics with 

equivalent lumped element implementation. 
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(a). Lumped element network        (b) NGD network in MMIC implementation. 

 

(c). Comparison of group delay characteristics in two implementations. 

 

Fig.  3.15  Tunable NGD network implementation in MMIC technology 
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(a) The phase characteristics over tuning range  

 

(b) The magnitude characteristics over the tuning range 

Fig.  3.16  Tunable NGD network transmission coefficient phase and magnitude 

responses  
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The variation of the MOSFET bias voltage results in the variation of the resistance and the 

variation of the Varactor diode potential results in the variation of the capacitance. Fig. 3.16 

and 3.17 show the tuning of the NGD network transmission coefficient phase, magnitude and 

group delay responses. 

 

 

 

 

 

 

 

 

 

Fig.  3.17  Tunable group delay characteristics of the MMIC NGD network 
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Chapter 4 Electrically Small Antenna Using Negative Group Delay 
Network 

An antenna is a necessary element in wireless communication system. Most often in 

conventional design methods, an antenna resonates at the frequency where the physical length 

is equal to a quarter of the operating wavelength. Designing an antenna for low profile 

applications, such as mobile phones, handheld devices and radar systems is always challenging. 

An electrically small antenna (ESA) is ideal for applications where a small footprint is needed.  

The ESA is defined as an antenna operating at λ wavelength with its length smaller than  λ/2π. 

The performance parameters of the ESA degrade with reductions in the physical dimension. 

The design challenges and performance trade-offs of the ESAs are discussed by Wheeler [1] 

and Chu [2]. Most of the electrically small antennas suffer from high quality factor due to their 

small input impedance and high reactive part. Achieving a high gain-bandwidth product and 

improvement of efficiency are always challenging in the case of an ESA.  

 

 
(a) Passive LC based matching          (b) Negative element based matching           

Fig. 4.1 Comparison of antenna matching in different approaches. 
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In designing the ESA the principle objective is to achieve resonance at frequencies far lower 

than the resonance frequencies associated with the physical length of the antenna, while 

maintaining efficiency. In conventional matching methods either an inductor is used to 

compensate capacitive reactance, or a capacitor is used to compensate the inductive part of 

impedance, at a single frequency as shown in Fig. 4.1(a). A non-Foster element which exhibits 

NGD behaviour and acts as a negative reactive element. Using an ideal negative reactive 

element, matching can be achieved over a wide bandwidth by counteracting the reactive part of 

an antenna’s impedance.  By using the NGD network, which will act as a negative reactance 

over a wide bandwidth, the ESA can be designed by achieving impedance matching at the 

desired frequency as shown in Fig. 4.1(b).  

4.1. NGD Network Based Electrically Small Antennas  

A wideband ESA designed using a NGD-based impedance matching network is presented. 

Using the NGD network the impedance characteristics of a radiating element can be altered. 

With the optimisable elements of the NGD network, impedance matching can be achieved at 

the required frequencies. 

The characteristics of NGD networks can be better understood when they are designed using 

filter theory. The detailed analysis and design of NGD networks using filter theory is presented 

in chapter 3. Some of the observations are useful to reproduce here. The phase and transmission 

loss characteristics of the NGD circuit are functions of resistor values in the network and the 

order of the filter. The inevitable transmission loss of these networks needs to be compensated.  

In order to benefit from the higher order networks, amplifiers should be used to compensate the 

higher losses. Optimal circuit design and the right type of amplifier are needed, to avoid 

feedback instability.  
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Using a uni-directional amplifier to compensate the matching NGD network losses will limit 

the use of the antenna to only one mode, either for transmission or for reception as shown in 

Fig.4.2(a). Bi-directional amplifiers can be used, but they are at high risk of instability. 

In this work an ESA is connected to an active circulator. The circulator is designed with 

sufficient gains in transmission and reception paths to compensate the loss of the NGD 

matching network as shown in Fig. 4.2 (b). Further design details and analysis are presented in 

chapter 5.  

A monopole antenna is matched using the NGD network to design an ESA and the prototype 

is fabricated to experimentally verify the concept. The design details of the electrically small 

monopole using the NGD matching network are presented in the next section.  The NGD 

network is also used as a matching circuit for a patch antenna and for a wire dipole antenna to 

validate the suitability of the proposed concept for different types of antennas. 

                                        

(a) One way communication                 (b) Duplex communication 

Fig. 4.2 Compensation of NGD matching network loss in two different possibilities  
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4.2. Design of an Electrically Small Antenna  

An ESA is designed using a printed monopole in the first case study. Other types of antenna 

are also used in the next case studies, to justify the scope of the NGD network as a matching 

network in order to design the wideband ESA. 

Case #1 Electrically Small Antenna: Monopole 

A printed monopole 43mm in length is used as a radiator. The aim is to design an electrically 

small monopole at 1.08GHz where the length of the monopole is 0.98λ/2π. Fig. 4.3 shows the 

prototype and the return loss characteristics of the electrically small monopole [3]. 

 

 
(a) Electrically small monopole prototype. 

 

 
(b) Reflection coefficient characteristics of an electrically small monopole  

Fig. 4.3 NGD network based electrically small monopole antenna. Unmatched monopole 
reflection coefficient (simulated result) is also presented for comparison purpose. 
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A transmission mode NGD network is used for impedance matching of this electrically small 

monopole. As explained in chapter 3, the design of a NGD network starts with the selection of 

a band-stop filter with the right order, with added resistors in each section of the network. The 

phase and transmission characteristics of the NGD network can be optimised using the resistors. 

A lumped element implementation is used in this design, the values of inductors and capacitors 

of the network are determined based on the resonance frequency. The optimisation process is 

used to determine the resistor values to achieve the impedance matching for the monopole at 

the desired frequency. A 5th order Butterworth filter is used for designing the NGD based 

matching network with the topology shown in Fig. 4.4.  

 

The following are the network RLC element values:  (resistance in Ω, inductance in nH, 

capacitance in pF) RS1=5.9, LS1=1, CS1=12, RS2=143, LS2=3.3, CS2=1.2, RS3=5.1, LS3=1, 

CS3=8.2, RP1=1K, LP1=5.1, CP1=0.9, RP2=82.3, LP2=5.1 and CP2=0.9. For fabrication of the 

experimental prototype a Rogers RT5880 substrate of a dielectric constant (!!) 2.2 and a height 

of 1.57mm is used. The equivalent non-Foster ideal network and its reactive elements are shown 

in Fig. 4.5(a). The behaviour of the network resembles that of the proposed NGD network. The 

series inductor and shunt capacitor are obtained using Z-parameters of proposed NGD network.   

 

Fig. 4.4 The lumped element topology of the proposed matching NGD network 
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(a) The equivalent non-Foster ideal network 

 

(b) The capacitance and inductance curves of the ideal non-Foster network. 

 
(c). Group delay characteristics of the proposed and ideal non-Foster networks 

Fig. 4.5 The equivalent ideal non-Foster network elements and comparison of its group delay 
characteristics with those of the NGD network. 
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The transmission mode inductive and capactitive reactance curves of the ideal non-Foster 

equivalent network is shown in Fig.4.5(b). These curves are obtained using the inductor and 

 
(a) Phase characteristics of the matching NGD network 

 

(b) Transmission loss characteristics of the NGD network 

Fig. 4.6 Comparison of characteristics of the proposed NGD matching network with the ideal 
equivalent network. 
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capacitor equations presented in Chapter 3, Equ. 3.1 and 3.2. The ideal non-Foster network with 

negative capacitance and negative inductance will act as a negative reactive element and 

compensate the reactance of the antenna to achieve impedance matching over a range of 

frequencies. In the same manner the negative reactive behaviour of the proposed NGD network 

contributed towards the matching of the monopole at 1.08GHz centre frequency. Fig. 4.6 shows 

the phase and magnitude responses of the transmission coefficient for the proposed NGD 

network and the ideal non-Foster network. A loss compensated NGD network will have a 

magnitude response similar to the ideal non-Foster network. The radiation patterns of the ESA 

at 1.08GHz are shown in Fig. 4.7. The E-plane pattern demonstrated a omnidirectional radiation 

performance of the ESA. If a loss compensated NGD matching network had been used, the 

efficiency of this prototype antenna would have been better. Due to the presence of NGD 

network loss this antenna efficiency can be very low. However, the prototype clearly 

demonstrated the concept of antenna impedance matching using a NGD network. These losses 

can be compensated by using an amplifier, but this will limit the use of the antenna to either 

transmission or reception mode. In chapter 5, an ESA design using NGD network suitable for 

duplex operation is presented. The matching NGD network loss is compensated by using an 

active circulator.  
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Case #2 Electrically Small Antenna: Dipole, Patch 

A dipole and a patch are also used to investigate the benefits  of the NGD network as a matching 

circuit. The RLC values of the NGD network and the corresponding ESA dimensions are given 

below. The inductor and capacitor values of the NGD network can be obtained by using filter 

design by insertion loss method. A filter synthesiser will generate LC values for a given 

resonance frequency, stop bandwidth and stop-band attenuation values. By using a parameter 

sweep, resistor values are obtained for the NGD network. The reflection coefficient of the patch 

antenna attached with NGD impedance matching network is the goal function. For these 

networks the topology is same as that shown in Fig. 4.4. The electrically small dipole operating 

at 0.7GHz is only of length 0.95λ/2π. A perfect electric conductor is used to design a thin wire 

dipole of length 74 mm in CST microwave studio. The dipole’s S-parameter touchstone file is 

imported into AWR microwave office. The lumped element NGD network is used as a 

matching network to feed this dipole. As shown in Fig. 4.8 (blue curve) the dipole is impedance 

matched at 0.7 GHz. The NGD network has the following element values: (with units 

Frequency ~ GHz, R ~ Ω, L ~ nH, C ~ pF) RS1=100, LS1=1.6, CS1=30, RS2=50, LS2=6.6, CS2=2.4, 

RS3=14, LS3=1.4, CS3=10, RP1=1, LP1=3.3, CP1=1.8, RP2=21, LP2=0.5 and CP2=1.8. The 

         
 

Fig. 4.7 ESA radiation patterns in E field patterns at 1.08GHz. 
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electrically small patch operating at 0.7 GHz has a 40X55 mm2 footprint. This patch is 

simulated in AWR EM environment using AXIEM simulator. The patch is designed on a 1.53 

mm thick substrate with a dielectric constant of 3.3. A copper patch of 0.035mm thickness on 

this substrate is simulated in EM environment. In the AWR software this EM structure is 

embedded as a subsystem into the circuit simulator. The lumped element NGD network is used 

as a feeding network to impedance match the patch at 0.7 GHz as shown in Fig. 4.8 (red curve). 

The NGD network elements are RS1=178, LS1=1.5, CS1=38.5, RS2=21, LS2=4, CS2=0.7, RS3=15, 

LS3=0.9, CS3=11.5, RP1=1, LP1=10.2, CP1=1.8, RP2=1, LP2=8.7 and CP2=1.8.  

 

 

 
 
 
 
 
 
 
 
 

 

 

Fig. 4.8 Reflection coefficient of electrically small dipole and patch designed using NGD 

based impedance matching.  
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4.3. Analysis of NGD Network Based Matching  

Case #1 Wide Bandwidth Matching 

The NGD network is used to achieve wide bandwidth matching for a printed monopole. The 

return loss is more than 10dB over 1.5 to 2.5 GHz bandwidth, as shown in Fig. 4.9. A dual 

resonance is observed due to the use of a higher order filter for designing NGD matching 

network. The combination of multiple resonators in a higher order filter based NGD design has 

created a second resonance. The unmatched monopole has only 4% of bandwidth with return 

loss less than 20dB at 2GHz. To verify that the NGD network is not just a lossy element like 

an attenuator, the monopole is fed through a 2.45dB (this is same as the NGD network loss) 

attenuator. The NGD network matched monopole return loss characteristics are different to 

those of the attenuator matched. It is evident that the NGD network is not just a lossy element 

but is able to impedance match the antenna at the required frequency band; whereas the 

attenuator caused more signal loss instead of impedance matching the antenna. The loss 

compensated NGD network offers the best antenna matching benefits. The return loss and 

impedance characteristics are presented in the following Fig.4.9. The NGD network and the 

RLC elements are as follows: (resistance in Ω, inductance in nH, capacitance in pF) RS1=13, 

LS1=0.36, CS1=12, RS2=53, LS2=3.3, CS2=1.2, RS3=31, LS3=0.5, CS3=8.2, RP1=200, LP1=5.1, 

CP1=0.9µF, RP2=34, LP2=5.1 and CP2=0.9µF. 
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Case #2 Matching at Lower Frequencies 

The NGD network in this case is used to achieve impedance matching over a wide bandwidth 

at frequencies far lower than the actual resonance frequency which corresponds to the physical 

length of the antenna. A monopole of 0.85λ/2π length is impedance matched to operate around 

1.08GHz with a 35% bandwidth. Over this band a 20dB return loss is observed. The antenna 

can also be seen operating around 1.18GHz with a 60% bandwidth with a 10dB return loss as 

shown in Fig. 4.10. The 5th order topology which is shown in Fig.4.4 is used to implement the 

 
 

 
Fig. 4.9 The impact on impedance characteristics of a monopole due to NGD network and 

attenuator.  
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NGD network and the RLC elements are as follows: (resistance in Ω, inductance in nH, 

capacitance in pF) RS1=14, LS1=0.5, CS1=12, RS2=101, LS2=3.3, CS2=1.2, RS3=10, LS3=0.5, 

CS3=8.2, RP1=40, LP1=5.1, CP1=0.9µF, RP2=40, LP2=5.1 and CP2=0.9µF.  

In conventional design, for the monopole to resonate at 1.08 GHz it should be 69.5mm (λ/4) 

long. However, a 37.5mm (0.85 λ/2π) long monopole is impedance matched using a NGD 

network to operate at 1.08GHz as shown in Fig. 4.10. The monopole return loss in three 

different cases is shown in Fig.4.10: unmatched; matched with NGD network; and matched 

with an attenuator. This is to justify the role of the NGD network as an negative reactive element 

in effective impedance matching, also to prove that NGD network is not just acting as a lossy 

element. A NGD network has 8 dB transmission loss, so an 8 dB attenuator is used to feed the 

same monopole. It is evident that the impact of the NGD network is far different to that of an 

attenuator. The attenuator is only causing more signal loss; whereas the loss of the NGD 

network can be compensated and better matching benefits can be achieved.  

 

 

 

 
Fig. 4.10 Monopole return loss characteristics in three cases: unmatched; matched with a 

NGD network; and matched with an attenuator.  
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Analysis of NGD Network Noise Figure: 

The NGD network is designed by adding resistance to the filter design; these added losses 

introduce noise in the transmission mode. In this case it is observed that the noise figure is 

proportional to the transmission loss characteristics as shown in Fig. 4.11. The noise figure can 

be optimised for a trade-off of the group delay value and bandwidth over which a positive phase 

slope can be achieved. Depending on the application it is better to use low noise amplifiers for 

the NGD network loss compensation.  

 

4.4. Dual Band Impedance Matching  

An Elliptic band-stop filter based dual band NGD network is shown in Fig. 4.12. The series and 

shunt resistors are added to a 3rd order Elliptic filter resonating at 2GHz. This design exhibits 

NGD behaviour at two different frequency bands.  

 
Fig. 4.11  Comparison of noise figure with the transmission coefficient magnitude 

characteristics  
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A group delay of -2.5ns is observed at 1.77GHz and at 2.23GHz as shown in Fig. 4.13. The loss 

at the respective frequencies is around 10dB as shown in Fig. 4.14. The transmission loss is an 

implication of employing the resistors in the filter design in order to achieve the NGD 

characteristics, which can be compensated by using an amplifier as shown in Fig. 4.12 (b).  The 

  
(a) Dual Band NGD Network    

 
(b) Loss compensated dual band NGD network model 

Fig. 4.12 The Elliptic band-stop filter based NGD network. 

    

Fig.  4.13 Dual band NGD network group delay response 
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NGD network can be optimised in a trade-off between loss and the group delay. The order of 

the filter is a primary factor in deciding the maximum and minimum transmission loss.  A stable 

amplifier, in this case TRF37A75 (with 12dB average gain) is used to compensate the loss of 

the NGD network. For this network the resistors can be further optimised in order to achieve 

the required NGD without the loss as shown in Fig. 4.15(a). 

  

   

Fig.  4.14 Dual band NGD network transmission coefficient phase and magnitude 
characteristics 
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After the use of an amplifier at the feeding port of the NGD network, a group delay of -3ns is 

observed at  1.77GHz and 2.2GHz. The amplifier phase characteristics caused a small shift in 

      
(a) The transmission coefficient phase and magnitude characteristics of a dual band ESA 
(The loss of the NGD network is compensated by an 12 dB amplifier - TRF37A75) 

 
(b) Group delay characteristics of a loss compensated NGD network  

Fig.  4.15 Dual Band NGD Network with an amplifier TRF37A75 
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the second resonance frequency. The resistors in Fig. 4.12 (a) in this case have been optimised 

to achieve the NGD behaviour, as follows: RS1=35W; RS2=70W ; RP1=30W; RP2=27W. 

Depending on the application, even a passive NGD network alone can effectively work as an 

impedance matching network, provided that the low insertion loss of a few dB’s is acceptable 

in the application. A loss compensated dual band NGD network can be used as an impedance 

matching network for the dual band antenna. In practical designs the optimisation of the resistor 

values of the NGD network with an attached antenna would give the best matching.  

4.5. Conclusions: NGD Network Based Matching  

With these possibilities the NGD networks are proved to be very effective in designing an ESA. 

Unlike inductor or capacitor based matching, NGD networks are suitable for achieving wide 

band matching. However the losses of the NGD network must be compensated. These losses 

are compensated by using an active circulator as discussed in chapter 5. The gains in the 

transmission path and the reception path would provide the necessary loss compensation, 

enabling the ESA to be used for duplex communication over a wide bandwidth. 
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Chapter 5 Negative Group Delay Network Based Active Circulator With 

An Integrated Electrically Small Antenna 

The circulator is a duplexer in a wireless communication system, which is a non-reciprocal 

multiport structure. The circulator facilitates an electrical isolation between the high power 

transmitter and low power receiver systems, while employing a single antenna for duplex 

wireless communication. The frequency bandwidth over which electrical isolation can be 

achieved, while maintaining low insertion loss among ports, is always a design challenge. 

Integrating an antenna to the active circulator is another challenge. Most of the designs 

presented in literature assume a 50 W load at the antenna port and expect the antenna to have 

50 W input impedance over the operating bandwidth. Usually, antennas will have impedance 

characteristics that are a function of frequency, hence the design of a circulator with an 

integrated antenna is challenging.  In fact, integrating an antenna with the circulator would 

make the design of an experimental prototype over a wide bandwidth more challenging, this 

therefore needs to be addressed. If active elements are involved in the design, then the stability 

of the overall system is another issue that needs to be addressed.  The design challenges and 

design approaches in relation to active circulators are discussed in chapter 2.  

A hybrid active circulator with an integrated antenna, designed in ring configuration with gain 

blocks, proved to be effective in establishing the signal cancellation conditions required to 

achieve isolation between the transmitter and the receiver [1]. In order to achieve signal 

cancellation, an anti-clockwise (ACW) path is introduced to counteract with the clockwise (CW) 

path signal at the receiver junction. With the right microstrip line lengths and gain values, an 

equal amplitude and opposite phase can be achieved for ACW & CW signals at the receiver 

junction resulting in successful signal cancellation. However, with this configuration the 

isolation can only be achieved over a very narrow bandwidth, typically a few MHz. 
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In the proposed active circulator design negative group delay (NGD) networks are used to 

achieve isolation over a wide bandwidth. The NGD networks can be used to engineer the phase 

characteristics of a signal. By introducing the NGD network at the end of the AWC & CW paths 

the phase and amplitude of the signal arriving at the receiver junction can be controlled over a 

wide bandwidth. In the proposed design NGD networks are implemented using passive lumped 

elements i.e. resistors, inductors and capacitors (RLC). The detailed filter based NGD network 

design procedure is presented in chapter 3.  

An electrically small monopole is subsequently integrated with the active circulator. This 

electrically small antenna (ESA) is designed using a NGD matching network. In transmission 

mode the loss of the matching NGD network is compensated by the gain in the transmitter to 

antenna path. Similarly in reception mode the loss is compensated by the gain in the antenna to 

receiver path. This enables duplex operation over a wide bandwidth. The proposed model of an 

active circulator integrated with an ESA operating over a wide bandwidth is shown in Fig. 5.1. 

 

 

Fig. 5.1 The operating principle of the proposed active circulator 
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5.1. Signal Cancellation Over A Wide Bandwidth Using Negative Group Delay Network 

The phase and amplitude of a signal varies with the distance along a microstrip line. At a three 

way junction, signal cancellation can be achieved by maintaining equal amplitude and opposite 

phase for the two inward travelling signals. In most cases gain blocks are needed to achieve 

equal magnitude for both signals. This scenario works for signal cancellation only over a very 

narrow frequency bandwidth. The signals travelling into the junction will have different phase 

and amplitude according to their respective frequency of operation. Therefore the physical 

structure designed to achieve perfect signal cancellation at one frequency will not generally work 

at other frequencies. 

5.1.1.  NGD Based Wide Bandwidth Signal Cancellation 

In order to achieve cancellation between two signals !(#$), '(#$) over bandwidth #!	$)	#" 

the signals should be 1800 out of phase and equal in amplitude. If any two periodic waveforms 

are taken for analysis, equation (5.1) represents the scenario where two signals are combined at 

the junction.  

Let two signals  

!(#$) = +# sin /# 	= +# !
"$ 	01

$(&'()!) −	1+$(&'()!)3
'(#$) = 	+, sin /, = +, !

"$ 	01
$-&'()". −	1+$-&'()".3

   

4)5	!(#$) + '(#$) = 0  over a wide bandwidth, the following are the signal cancellation 

conditions 

!(#$) + '(#$)|&/&#	'1	&$ = 9
+# !

"$ 	01
$(&'()!) −	1+$(&'()!)3

+	+, !
"$ 	 01

$-&'()". −	1+$-&'()".3
:  (5.1) 

For # = #!	$)	#" 
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;# = ;, + <                                                                                          (5.2) 

+# = +,                                                                                                  (5.3) 

A NGD network is employed to achieve the conditions in Equ. 5.2 and 5.3 over a wide 

bandwidth. Keeping microstrip line parameters, amplifier gains and LC values of NGD network 

unchanged, just by varying the resistor values of the NGD network, a wide bandwidth signal 

cancellation can be achieved. 

 
To verify signal cancellation over a wide bandwidth using NGD networks a circulator of ring 

configuration is used as shown in Fig. 5.2. The NGD networks are employed in CW and ACW 

paths to achieve wide bandwidth signal cancellation at the receiver junction. This ring 

configuration is used later to achieve full active circulator operation. Between the transmitter 

and the receiver CW and ACW paths are created and NGD networks are employed in both paths. 

To achieve signal cancellation at the receiver junction, the opposite phase and equal amplitude 

condition is established. In ring configuration the microstrip line lengths are optimised and 

amplifiers with the right gains are used in order to achieve an equal amplitude and opposite phase 

condition at the receiver junction. An electrical isolation between transmitter and receiver over 

a wide bandwidth is achieved by using the NGD networks to alter the CW and ACW signal 

phase and magnitude responses. The surface mount lumped element are used for the NGD 

network. These NGD networks are designed following the filter based design discussed in 

 
Fig. 5.2 The model is used to verify the signal cancellation over a wide bandwidth.   
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chapter 3. For NGD network the LC values will be obtained by using filter design by insertion 

loss method.  In this case, CST microwave studio filter synthesiser is used with the following 

specifications: A 5th order Butterworth with resonance frequency 2 GHz, a stop bandwidth of 

25%, and stop band attenuation of 10 dB. These values of inductor and capacitor have to be 

adjusted to take into account the parasitic effects of circuit layout. The next step is to place the 

NGD network at the end of the clockwise and anticlockwise paths with parameterised resistor 

values in AWR microwave office software. The resistor values are varied until the required level 

of signal cancellation is achieved at this junction. Also the return loss of the three ports of the 

ring configuration is another parameter that should be observed during this process. The 

following are the CW path NGD network RLC element values:  (resistance in Ω, inductance in 

nH, capacitance in pF) RS1=160, LS1=0.36, CS1=12, RS2=290, LS2=3.3, CS2=1.2, RS3=3, 

LS3=0.51, CS3=8.2, RP1=210, LP1=8.2, CP1=0.47, RP2=115, LP2=11 and CP2=0.36. The following 

are the ACW path NGD network RLC element values:  (resistance in Ω, inductance in nH, 

capacitance in pF) RS1=12, LS1=0.36, CS1=12, RS2=88, LS2=3.3, CS2=1.2, RS3=97, LS3=0.51, 

CS3=8.2, RP1=14, LP1=8.2, CP1=0.47, RP2=165, LP2=11 and CP2=0.36. 

While using the AWR-MS software to run the simulations, for accurate modelling of the 

components Modelithics library is used. The 0603 package KOA resistors, 0402 package ATC 

capacitors, and 0402 package Coilcroft inductors are used for this model. All these are surface 

mount components. Measured S-parameter files are used in place of the amplifiers for this 

design. A TRF37A75 amplifier of 12dB gain is used in the path between the transmitter and the 

antenna. In the CW and ACW paths ADL5611 amplifiers of 22dB are used. Microstrip lines in 

the ring configuration are designed for 50W impedance.  
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As shown in Fig. 5.3 the clockwise and anti-clockwise signals are nearly 1800 anti-phase over 

1.75 to 2.25 GHz bandwidth. Unlike in the conventional methods where this is only possible at 

a single frequency or over a very narrow bandwidth, when using NGD networks an approximate 

1800 phase difference between these two signals is achieved over a range of frequencies. The 

bandwidth over which signal cancellation can be achieved using this approach is limited by the 

stop-bandwidth of the filter that is used to design the NGD network (as discussed in chapter 3).  

 

 

Fig. 5.3 The opposite phase condition to achieve signal cancellation 

(For the clockwise and anti-clockwise signals 180° opposite phase is achieved  
over 1.75 to 2.25 GHz bandwidth.) 
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The loss of the NGD networks along with the amplifier gain has been adjusted such that an equal 

amplitude is achieved for CW and ACW signals as shown in Fig.5.4. As a result of the wide 

bandwidth signal cancellation an isolation between the transmitter and receiver is achieved. As 

shown in Fig. 5.5 an average isolation of 17dB is achieved over 1.75 to 2.25 GHz bandwidth. 

The NGD networks are proved to be very effective in achieving wide bandwidth signal 

cancellation. Network complexity and the availability of the right gain blocks are the factors that 

need addressing when designing wideband models. 

 

 

Fig. 5.4 The magnitude conditions necessary to achieve signal cancellation 

(For the clockwise and anti-clockwise signals a nearly equal amplitude is achieved over 
1.75 to 2.25 GHz bandwidth.) 
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The reflection coefficients of the 3 ports of the ring configuration are shown in Fig. 5.6. The 

optimisable resistor values of the NGD network are key in this design approach to balance the 

performance parameters of the design. This also enables the use of off the shelf amplifiers. 

 

Fig. 5.5 As a result of wide bandwidth signal cancellation an isolation is achieved between 
transmitter and receiver (S21). 

 

 

Fig. 5.6 Reflection coefficients of transmitter (S11), receiver (S22) and antenna (S33) 
ports of the active circulator. 
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5.2. A Wide Bandwidth Active Circulator With An Integrated Electrically Small 

Antenna Using Negative Group Delay Network 

In this section an active circulator with an integrated electrically small monopole is presented. 

The design approach using NGD networks is shown in Fig. 5.7. The proposed method is suitable 

in different implementations. All the design blocks are compatible with MMIC technology, so 

the proposed concept is suitable for designing active circulators for low profile applications.  

 

   
Fig.  5.7 The proposed design approach of an active circulator with an integrated electrically 

small antenna using NGD network 
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The proposed design has desirable values over 1.69 - 1.93 GHz bandwidth for the following of 

parameters: 

• Matching NGD network – NGD behaviour (positive phase slope) 

• Matching NGD network – return loss  

• Matching NGD network – negative group delay 

• Electrically small antenna – return loss 

• Active circulator – return loss 

• Active circulator – insertion characteristics (Tx-Aa & Aa-Rx gains) 

• Active circulator – isolation (Tx to Rx isolation) 

As shown in Fig 5.7 the NGD network design starts with LC band-stop filter. To minimise any 

distortion problems it is recommended to  have a filter with a linear transmission phase response, 

in this case the Butterworth filter type is used. The order of the filter should be selected based 

on the bandwidth required, usually with higher order filters a flat group delay behaviour can be 

achieved over a wider bandwidth. Having a higher order filter also gives more flexibility in the 

optimisation or in the parameter sweep. However, a higher order circuit will have more 

complexity and the footprint of the design will be affected. These networks with many passive 

elements are one of the sources for noise. Particularly the noise profile should be considered if 

the NGD network is in the receiver path. Higher order circuits tend to produce higher losses. 

Availability of an amplifier with sufficient gain in the required operating frequency is another 

factor to be considered. Also based on the method of implementation parasitic effects and 

tolerances will have significant impact on the prototype performance. The resistors values for 

NGD networks should be obtained in order to get desired responses for all the above parameters. 
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Either for optimisation or parameter sweep the above list will be goal parameters for finding 

the resistor values.  

5.2.1. Electrically Small Monopole 

A 20mm monopole is used in this design, the length is arbitrarily selected to verify the concept.  

The unmatched monopole reflection coefficient is shown in Fig.5.8. Rogers XT8000 with 3.3 

permittivity is used as a substrate for this printed monopole design.   

 

A LC based matching network is used to match this monopole at 1.7GHz and it is observed that 

the impedance matching is possible only over a very narrow bandwidth as shown in Fig. 5.9. 

When a NGD network is used for matching the monopole a wider bandwidth is achieved as 

shown in Fig. 5. 10.  

 

Fig.  5.8 Reflection coefficient of an unmatched monopole of 20mm length 

 
  



|C h a p t e r  5 :  N G D  n e t w o r k  b a s e d  A c t i v e  C i r c u l a t o r  &  E S A  

96 

 

 
Fig.  5.9 Monopole impedance matching using LC networks 
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Fig.  5.10 Reflection coefficient of an electrically small monopole matched using NGD 

network 
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The matching NGD network is designed using the filter based approach which is presented in 

chapter 3. The inductor (L) and capacitor (C) values are selected to design a 3rd order 

Butterworth band-stop filter at 1.8GHz centre frequency and around two hundred MHz 

bandwidth. Due to the added microstrip layout for the surface mount lumped elements, there is 

a slight shift in the operating frequency. The resistors are added to design the matching NGD 

network as shown in Fig 5.11. The parameter sweep is used to find out the values of resistors 

which will give desirable return loss, positive phase slope and transmission loss. Using this 

network the  monopole is matched over the desired frequency range.  

This NGD network acts as a negative reactance element. To verify this phenomenon an ideal 

non-Foster equivalent network is designed as shown in Fig. 5.11. The ideal series inductor and 

shunt capacitor values for the equivalent network are taken from the curves shown in Fig. 5.11. 

The curves show the variation of the reactance with frequency and these are obtained using the 

equivalent T-network design procedure given in [2, 3]. The procedure to obtain an equivalent 

ideal T-network is presented in Chapter 4 section 2. 

 
Fig.  5.11 The matching NGD network topology, elements and its equivalent ideal non-

Foster network. 
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The series inductor of -5nH and shunt capacitor of -5pF are the ideal elements of the equivalent 

non-Foster network. Both the ideal and NGD networks are reciprocal. The comparison of the 

group delay response of the ideal and NGD networks is shown in Fig. 5.12(b).  

  
(a) The shunt capacitance and series inductance of ideal equivalent non-Foster network 

 
(b) Group delay response of the ideal and NGD networks 

Fig. 5.12 Ideal non-Foster and matching NGD network group delay characteristics. 
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The phase and loss characteristics of the NGD network and the ideal T-network are shown in 

Fig. 5.13. The negative reactive behaviour of the NGD network is the key to achieving 

wideband impedance matching. An average transmission loss of 4.5dB is introduced due to the 

added resistors. These also add an extra noise figure in the antenna to receiver path.  

 
(a) Phase response of Ideal and NGD networks 

  
(b) Magnitude response of ideal and NGD networks 

Fig. 5.13 Ideal non-Foster and matching NGD network transmission coefficient phase and 
magnitude characteristics. 
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The reflection coefficient characteristics of the matching NGD network are shown in Fig 5.14. 

The matching of the monopole is achieved by the NGD network over the 1.69 to 1.93 GHz 

bandwidth. An average transmission loss of 4.5dB is observed for the NGD network. To be 

able to maintain duplex operation the loss of this matching network will be compensated by an 

active circulator. In the following section an active circulator is designed with gains in 

transmission and reception paths approximately equal to the loss of the matching NGD network.   

5.2.2. An Active Circulator with An Integrated Electrically Small Antenna 

An active circulator design, operating over 1.69 to 1.93 GHz bandwidth, with an integrated 

electrically small monopole is shown in Fig. 5.15. This quasi-active circulator works on the 

signal cancellation phenomena. The active circulator model consists of two ADL5611 

amplifiers along with the NGD networks at the receiver junction, one pair in CW and the other 

in ACW paths from the transmitter. These networks and amplifiers facilitate the phase and 

amplitude adjustments needed for signal cancellation to achieve isolation between the 

transmitter and the receiver.  

 
Fig.  5.14 Matching NGD network reflection coefficient characteristics.  
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A TRF37A75 amplifier of 12dB gain is used in the path from the transmitter to the antenna in 

order to provide enough gain to compensate the matching NGD network loss in transmission 

mode. The de-embedded amplifier s-parameter files are used for the AWR-MS simulation. The 

amplifiers used in the design are acting as gain blocks. Along with an amplifier the NGD 

network will achieve required phase and amplitude for clockwise and anti-clockwise signals at 

the receiver junction to establish signal cancellation. This design approach allows freedom to 

use any amplifier with the required gain, transmission phase and good stability.   

The filter based NGD networks are implemented using lumped resistor, inductor and capacitor 

elements and the values are given Table 5.1. In designing the NGD network the first step is to 

design a 5th order Butterworth band-stop filter with stop bandwidth of 250MHz, where the 

inductor and capacitor values for the NGD network will be determined. As discussed in chapter 

3, a Butterworth filter based NGD network is preferable in the optimisation process due to its 

linear phase response. As the order of the filter increases the flexibility in the design and 

optimisation also increase. However, the possible higher transmission loss of the NGD network 

should be addressed. In this design ADL5611 amplifiers of 22dB gain are used and the NGD 

network resistor values are optimised such that the transmission loss of the NGD network is 

 

Fig.  5.15 An active circulator integrated with a monopole 
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smaller than the amplifier gain, while achieving the signal cancellation over a wide bandwidth. 

The variation in the impedance of the ESA with frequency will also be taken into account during 

the optimisation of the NGD network resistor values. Therefore the proposed approach is very 

effective in customising the design as required for applications. The AWR-MS software is used 

to run the simulations. For accurate modelling of the components Modelithics library is used. 

The 0603 package KOA resistors, 0402 package ATC capacitors and 0402 package Coilcroft 

inductors are used for this model.  

Table: 5.1 The resistor, inductor and capacitor lumped element values for NGD networks  
(Units : R - W, L - nH, C - pF) 

 Elements of NGD networks for an 
active circulator integrated with an 

electrically small monopole 
 

Clockwise 
Anti-

clockwise 
RS1 32 5 

LS1 0.36 0.36 

CS1 12 12 

RS2 50 17 

LS2 3.3 3.3 

CS2 1.2 1.2 

RS3 13 18 

LS3 0.51 0.51 

CS3 8.2 8.2 

RP1 65 281 

LP1 8.2 8.2 

CP1 0.47 0.47 

RP2 40 32 

LP2 11 11 

CP2 0.36 0.36 
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The phase and transmission loss characteristics of  the NGD networks in CW and ACW paths 

along with the corresponding network topology are shown in Fig. 5.16. With the added layout 

for surface mount elements a slight shift in frequency is noticed. 

 

(a) The 5th order topology used for NGD networks  

 
(b) Clockwise (CW) and Anti-clockwise (ACW) NGD network characteristics 

Fig.  5.16 The topology used for NGD networks and the characteristics 

 
  

CP1 CP2

LP1 LP2

RS1 RS2

LS1 LS2

RP1 RP2

CS1 CS2

RS3

LS3

CS3

Input Output

NGD network Prototype



|C h a p t e r  5 :  N G D  n e t w o r k  b a s e d  A c t i v e  C i r c u l a t o r  &  E S A  

104 

 

The signal cancellation method is used to achieve electrical isolation between the transmitter 

and the receiver. Over the bandwidth of interest an equal amplitude and opposite phase for CW 

and ACW signals are achieved by using the NGD network.  As shown in Fig. 5.17 the phase of 

the signals arriving at the receiver junction are opposite. A 180º phase difference between CW 

and ACW signals is expected in an ideal case. When there is 180º phase difference isolation is 

maximum. For an isolation over a wide bandwidth, there will be a compromise between 

bandwidth and isolation value. 

 

 
Fig.  5.17 180º phase difference for signal cancellation 
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As shown in Fig. 5.18 approximately equal amplitude is achieved for both the signals, 

contributing to signal cancellation over a wide bandwidth.  

The effect of the amplitude and phase differences of CW and ACW signals in achieving signal 

cancellation are shown in Fig. 5.19, as a case study. The isolation will be maximum when CW 

and ACW have equal amplitude and opposite phase. In this case only isolation is observed not 

all the parameters of the circulator. The combination of equal amplitude and opposite phase at 

 

 
 

Fig.  5.18 Equal Amplitude for signal cancellation 
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1.84 GHz for CW and ACW signals is crucial to achieve the isolation. In optimising the NGD 

network resistor values there is a need to balance the bandwidth and isolation. 

 

 

 

 
Fig.  5.19 180º phase difference and equal amplitude for high isolation. 
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To prove the proposed concept an isolation around 20dB is taken as a required value. For the 

CW and ACW signals the phase is neither exactly opposite nor the amplitude exactly equal 

over the operating bandwidth but they are sufficiently close to achieve the required isolation. 

The NGD network resistors could be optimised to improve the isolation for a trade-off of 

bandwidth or more insertion losses among the transmitter, antenna and receiver ports.  

 

An isolation of around 20dB over 200MHz bandwidth is observed, as shown in Fig. 5.20. The 

proposed method allows optimisation of the resistor values of the NGD network to be able to 

design a wide bandwidth active circulator with an integrated antenna. By employing the NGD 

network in an hybrid ring active circulator which is reported in [1], isolation is achieved over a  

bandwidth of 200 MHz. Without the use of NGD network the similar model only achieved 

isolation over 7 MHz bandwidth. 

 
Fig.  5.20 The isolation between the transmitter and the receiver 

 
  



|C h a p t e r  5 :  N G D  n e t w o r k  b a s e d  A c t i v e  C i r c u l a t o r  &  E S A  

108 

 

As shown in Fig. 5.21, an average gain of 4dB and 6dB is observed between the two pairs of 

ports i.e. transmitter-antenna and antenna-receiver respectively. The matching NGD network 

used to design the ESA has an average 5dB transmission loss. As expected the active circulator 

gains are sufficient to compensate the matching NGD network losses both in transmission and 

reception mode, enabling the duplex operation. It is observed that there is a trade-off between 

these transmission gains and the bandwidth over which isolation can be achieved. Selecting the 

right filter order for the NGD network and the right amplifier gain and optimisation of the NGD 

network resistor values will enable the design of an active circulator with the required 

performance parameters over the required bandwidth. The design process of NGD network is 

discussed in Section 5.1.1 and Section 5.2. 

The reflection coefficients of the proposed active circulator ports are shown in Fig. 5.22. Over 

the operating bandwidth all three ports have reflection coefficient values less than -10dB. The 

quarter-wavelength impedance transformer is used at the ports to achieve the 50 W port 

 
Fig.  5.21 The gain in the transmitter-antenna and antenna-receiver paths 
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impedance. The length and width of the feeding  microstrip lines should be adjusted for good 

impedance matching at these ports. For the circulator at the antenna port the reflection 

coefficient is plotted before the ESA is integrated in Fig. 5.22. The radiation pattern of the ESA 

is shown in Fig. 5.23. There is a need for further study to improve the radiation performance 

parameters of the ESA. 

 

 

 
Fig.  5.22 Reflection coefficient characteristics of the three ports of the proposed active 

circulator. 
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Fig.  5.23 Radiation patterns of an electrically small antenna. 
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5.3. A Wide Bandwidth Active Circulator Prototype 

In the previous section an active circulator integrated with an electrically small monopole is 

presented. Due to the phase and amplitude sensitivity of the design, fabrication of such a model 

in an academic setting is challenging. To prove the proposed concept a segmented active 

circulator model is fabricated. This segmented version of the active circulator is fabricated for 

two important reasons: 1). To highlight the advantage of the proposed method which enables 

the use of stable amplifier modules as gain blocks in the active circulator design. 2). The 

tolerances of surface mount component values, inaccuracies in microstrip line dimensions and 

inaccuracies of the amplifier bias voltages can be addressed to some extent in the experimental 

model. The segmented version of an active circulator prototype along with the amplifier module 

specifications and the measurement setup is presented in Fig. 5.24. 

The design approach for simulating and fabricating a segmented active circulator is shown in 

Fig. 5.24(c). AWR-MS circuit simulator is used to design the circulator using the proposed 

concept. To maintain accuracy in the dimensions all the microstrip line segments are fabricated 

and measured. The measured S-parameter files of microstrip lines and amplifiers are used in 

the simulation in the respective places. As a next step amplifiers and fabricated microstrip line 

segments are joined using SMA adaptors to form a ring configuration without the NGD 

networks at the receiver junction. This forms a 4 port structure and in the measurement a 4-port 

S-parameter file is generated. In this way any phase and loss resulting from extra lengths are 

taken into account. As a final step the NGD networks at the receiver junction are optimised to 

achieve the desired active quasi circulator operation. In light of the facilities available in house 

and to maintain reasonable microstrip line widths a Rogers RT5880 substrate with 2.2 

permittivity is used for the prototype.  



|C h a p t e r  5 :  N G D  n e t w o r k  b a s e d  A c t i v e  C i r c u l a t o r  &  E S A  

111 

 

 
(a) Active circulator prototype  

 
(b) Measurement setup 

 

(c) The design procedure of the prototype (Rogers 5880 substrate) 

Fig. 5.24 The prototype of an active circulator 
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The transmission gain and loss characteristics of the three amplifiers employed in the active 

circulator design are shown in Fig. 5.25. Two ADL5611 and one TRF37A75 are used in their 

respective places as shown in Fig. 5.24(a). 

 
(a) The measured gain characteristics of three amplifiers  

 

(b) Measured transmission phase characteristics of three amplifiers 

Fig. 5.25 The characteristics of the three amplifiers used for the active circulator. 
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The NGD characteristics of the two networks used in CW and ACW paths are shown in Fig. 5. 

26. Different phase curve slopes and losses can be observed. The CW and ACW paths have 

 

 
(a) Phase characteristics of NGD networks in CW and ACW paths 

 

(b) Loss characteristics of NGD networks in CW and ACW paths 

Fig. 5.26 The transmission coefficient phase and magnitude characteristics of NGD 
networks employed in clockwise and anti-clockwise paths (simulation). 
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different lengths and different amounts of attenuations, hence the respective NGD networks are 

optimised such that the signal cancellation condition is established over a wide bandwidth.  

Table: 5.2 The resistor, inductor and capacitor lumped element values for NGD networks. 

The topology shown in Fig.5.16(a) is used to implement these networks. 

(Units : R - W, L - nH, C - pF) 

Elements Clock wise Anti-clock wise 

RS1 500 500 

LS1 1 1 

CS1 12 12 

RS2 90 59 

LS2 3.3 3.3 

CS2 1.2 1.2 

RS3 5 970 

LS3 1 1 

CS3 8.2 8.2 

RP1 77 81 

LP1 5.1 5.1 

CP1 0.9 0.9 

RP2 600 13 

LP2 5.1 5.1 

CP2 0.9 0.9 

 

The lumped element values of the NGD networks are shown in Table 5.2 above. A 5th order 

Butterworth filter with added resistors is used to design the NGD networks. The 5th order 

topology offers 5 resistors as the optimisation parameters and it is advantageous to have more 

optimisable parameters. Also the amplifiers have enough gain to compensate the transmission 
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loss of the NGD network. The order of the filter for the design of the NGD network should be 

selected to balance the flexibility in the optimisation process and transmission loss 

compensation.  

A. Isolation between transmitter and receiver 

The isolation characteristics are shown in Fig. 5.27. Though the transmitter and receiver are 

physically connected, they are electrically isolated. The -20dB measured isolation over 

200MHz (14% bandwidth at 1.5GHz) bandwidth is achieved. The advantage of using NGD 

networks is clearly demonstrated when the results are compared with a similar design without 

a NGD network (which reported a bandwidth of 7MHz [1]).  

It is observed that the isolation could be further improved by optimising the resistor values for 

a trade-off of insertion loss in the paths of transmitter~antenna, antenna~receiver and operating 

bandwidth. To improve the bandwidth a higher order filter with wider stop bandwidth should 

be selected for NGD network design. Amplifiers with higher gains are also needed to avoid the 

insertion losses. 

 

 
Fig.  5.27 Isolation between transmitter and receiver 
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It is observed that the isolation characteristics in measurement and simulation have 

disagreement. Due to the phase and amplitude sensitivity of the design, to build a prototype, 

the active circulator was designed in segments. In simulation by integrating the segments the 

desirable results were obtained. However, in the fabricated prototype there are various factors 

which caused the uncertainty. For the fabricated prototype surface mount components with a 

tolerance ranging from 0.1% to 5% are used. This will have an effect on the behaviour of the 

NGD network. The PCB layout and Via has parasitic effects. There is some degree of  

inaccuracy in modelling the SMA connector and SMA adaptors which are used to join the 

segments. The inability to guarantee the exact reproduction of the amplifier bias used for 

simulation in the measurement is another factor. At the operating frequency an extra length of 

1 mm will result in a phase change of 40. All these factors affected the performance of the 

prototype to some extent.      

B. Reflection coefficient characteristics of the three ports 

The reflection coefficient characteristics of the transmitter port, receiver port and antenna port 

are shown in Fig. 5.28. The transmitter port and antenna port have good reflection coefficient 

characteristics. The reflection coefficient of the receiver port is around 5dB. At the receiver 

junction, where the CW and ACW paths are joining the resultant impedance is 25W. The quarter 

wavelength transformation from 25W to 50W used at the receiver junction and the NGD network 

optimisation are having an impact on the impedance characteristics of the receiver port. It is 

observed that the ports impedance matching can be improved by optimising the length and 

width of the quarter wavelength feeding microstrip lines. 
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C. Gains among the three ports 

The gain characteristics between transmitter and antenna and antenna and receiver are shown 

in Fig. 5.29. In simulation these are around 5dB. An insertion loss from the transmitter to the 

antenna is observed in the measurement. The fabrication challenges of the printed microstrip 

lines and tolerances of the lumped elements used in the prototype changed the phase condition 

needed for signal cancellation. By changing the bias voltage of the amplifiers signal 

cancellation has been achieved and consequently insertion loss is also introduced between ports. 

According to the simulation model, it is clear that despite the losses in the NGD networks, 

amplifiers in the respective paths between the antenna and the receiver are able to offer lossless 

transmission of the signal from the antenna to the receiver. The proposed concept uses circuits 

that are compatible with MMIC technology. By implementing the NGD network based active 

circulator in MMIC technology more accurate design and better results can be achieved. 

 

Fig.  5.28  Port reflection coefficient characteristics 
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D. Noise figure between antenna and receiver 

The noise figure at the receiver is required to be as low as possible to maintain a good signal to 

noise ratio. The lumped element NGD networks are employed for signal cancellation in the CW 

and ACW paths from the transmitter to the receiver. An additional thermal noise is introduced 

by the NGD networks in the paths that lead to the receiver port. However it is evident from Fig. 

5.30 that the noise figure is below 5dB between the antenna and the receiver in the operating 

bandwidth.  In this case the noise figure of the NGD network which is in the CW path between 

the antenna and the receiver ports is shown. In the simulation the amplifier has no noise data in 

its S-parameter file. Therefore, the noise figure introduced by the NGD network alone is clearly 

demonstrated.  

 
Fig.  5.29  Prototype gain characteristics. 
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The NGD network elements can be optimised for a reduced noise figure at the receiver for a 

trade-off of operational bandwidth. Another source of noise in these paths is the amplifier. With 

the availability of low noise amplifiers the noise figure can be reduced for the amplifier circuit. 

Moreover, the proposed design approach enables the use of an amplifier that has the best 

performance parameters.  In the experimental modal ADL5611 amplifier with only 2dB noise 

figure is used. The performance parameters of the proposed models are given in Table 5.3.  

More fabricated samples and their measurement details are discussed in Appendix A. Also a 

study on active circulator characteristics with varying amplifier bias is presented for the model 

given in Fig. 5 24. For these prototypes, the experimental results indicate that gains and isolation 

over a wide bandwidth is possible but not both at same time due to the surface mount component 

tolerances, parasitic effects, amplifier biasing inaccuracies, modelling of SMA connectors and 

adaptors, and soldering imperfections. Moreover, the fabrication challenges are further explored. 

It is evident that the NGD network based approach has enhanced the bandwidth of hybrid ring 

 
Fig.  5.30 Noise characteristics at receiver port 
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active circulator. It has also offered design flexibility in using  “off the shelf” stable amplifiers, 

offering a possibility to address stability issues. 

 

The stability of the fabricated active circulator prototype is verified using the spectrum analyser. 

The unilateral amplifiers have created a unidirectional signal path between any two ports. The 

reverse isolation of these amplifiers is sufficient enough to block any loop formation in the ring 

 

  

(a) Stability analysis using spectrum analyser at antenna port 

  

(b) Stability analysis using spectrum analyser at receiver port 

Fig.  5.31 Stability analysis of the prototype 
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configuration of the circulator. As shown in Fig. 5.31 the fabricated circulator is stable in 

transmission and reception modes.  

Table 5.3 Comparison of proposed active circulator performance parameters 

*  TRF37A75 amplifier  output IP3, ^ TRF35A75  amplifier output 1dB  compression point 

 [1] 
Quasi active 

circulator 
Simulation 

Quasi active 
circulator  
Measured 

Quasi active 
circulator 

integrated with 
monopole  

BW 
(GHz, %) 3.745 

1.4 ~ 1.6        
(14) 

(Fig. 5.27) 

1.4 ~ 1.6       
(14) 

(Fig. 5.27) 

1.69 ~ 1.93 
(16) 

(Fig. 5.20) 

Tx- Rx Iso (dB) 27 
12 

(Fig. 5.27) 
20 

(Fig. 5.27) 
19 

(Fig. 5.20) 

Tx-ANT average 
gain (dB) 

10 
5 

(Fig. 5.29) 
-3 

(Fig. 5.29) 
 4.5 

(Fig. 5.21) 

ANT-Rx average  
gain (dB) 

4 
5 

(Fig. 5.29) 
-7 

(Fig. 5.29) 
6 

(Fig. 5.21) 

Peak Psat (dBm) n/a <18 <18 <18 

Tx-ANT 
IIP3/IP1dB (dBm) 

n/a 32.5*/19^ 32.5*/19^ 32.5*/19^ 

ANT- Rx NF (dB) n/a <5 n/a <5 

Technology Hybrid Hybrid Hybrid Hybrid 
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Observations: 

The design in [1] is a hybrid ring circulator with an integrated antenna but without NGD 

networks. The use of the NGD network in the hybrid ring active circulator configuration 

improved the operating bandwidth from 7 MHz to 200 MHz. Duplex communication over a 

wide bandwidth is achieved by integrating an ESA with an active circulator. The losses of the 

matching NGD network that is used for designing the ESA are compensated by the gains of the 

active circulator. The ability to optimise the resistor values of the NGD network in this design 

approach has improved the overall design flexibility. In author’s knowledge this is first of its 

kind.  
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Chapter 6 NGD Based Wideband Fabry-Perot Cavity Antenna With 
Reduced Beam Squint 

Directional antennas are essential in satellite communication, radar applications and in point-

to-point communication systems. Array antennas are the conventional designs used in these 

applications for high directional radiation performance. Depending on the type of elements used 

array antennas can be complicated, bulky and feeding can be challenging. The Fabry-Perot 

cavity antennas are low profile structures with good directional properties[1, 2] as discussed in 

chapter 2. However beam squint is a problem that needs addressing in these antennas. In this 

chapter the procedure of introducing negative group delay (NGD) behaviour in one of the layers 

of the cavity antenna to reduce the beam squint is presented. 

Fabry-Perot Cavity antennas exhibit highly directional properties. Wide bandwidth cavity 

antennas can be designed. Although the radiation properties such as directivity and gain are 

high over this bandwidth the main lobe direction will shift with frequency. The following Fig. 

6.1 shows the proposed cavity antenna model with a NGD based surface to reduce beam squint. 

 

 
Fig. 6.1 Proposed Fabry-Perot cavity antenna  
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surface
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High impedance surface-NGD 
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A Fabry-Perot cavity antenna consists of a reflecting surface and a partially reflecting surface 

joined at one end by a reflecting metallic wall. A dipole is used as a primary source of radiation 

near the reflecting metallic wall. As the radiation energy proceeds forwards towards the open 

end multiple reflections will take place in the cavity. Some energy will leak through the partially 

reflective upper surface resulting in radiation perpendicular to this surface. When a certain 

phase condition is established between the two surfaces of the cavity, the energy that is 

undergoing multiple reflections in the cavity will contribute to a highly directional radiation in 

boresight. The following Eq. 6.1 is the phase condition that needs to be satisfied in order to 

have highly directional boresight radiation[3-5].  

 

As shown in Fig. 6.2 (this figure is same as Fig. 2.2, reproduced here for convenience) various 

modifications to the cavity structure are reported in literature in order to improve the radiation 

properties and bandwidth and to reduce the size. Various changes are made to the bottom 

surface to improve the operational bandwidth of the cavity antenna. A multilayer partially 

reflective surface can give a wider operational bandwidth, but the structure will be bulky. In 

addition as the phase characteristics of the cavity surfaces change with frequency, the main lobe 

direction also changes. Therefore even though a highly directional wide bandwidth cavity 

antenna design is possible, it still suffers from beam squint.  

∅!"# + ∅$%# − &'
( h cos θ = −2πN              (6.1) 

∅!"# − Partial	Reflective	Surface	Phase 

∅$%# − High	Impedance	Surface	Phase 

h − height	of	cavity 

	θ − main	lobe	direction	with	respect	to	normal	of	PRS	surface 

N = 0,1,2… 
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The objective is to design a high impedance structure with NGD behaviour such that the phase 

condition can be established over a wide bandwidth. This will result in highly directional 

radiation properties over a wide bandwidth with reduced beam squint as shown in Fig. 6.3. This 

method offers a low profile solution.  

 

  

Fig. 6.2 Development of Fabry-Perot Cavity antenna 
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Fig. 6.3 Proposed Fabry-Perot cavity antenna with NGD based HIS to reduce the beam squint 
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6.1. Fabry-Perot Cavity Antenna: PRS and Ground Plane 

The cavity antenna is designed with a partial reflective surface (PRS) and metal ground plane 

to operate at 10GHz. The PRS is designed by a square conductor patch of length 13.10mm 

printed on a substrate of 2.2 permittivity and 0.79mm thickness, with 14mm periodicity in both 

X and Y direction as shown in Fig. 6.4(a). A metal ground plane and PRS are used to form the 

cavity with a height of 13.89mm to satisfy the phase condition given in Eq. 6.1. The unit cell 

simulation results are used to observe the phase and loss characteristics of each surface, as 

shown in Fig. 6.4-6.5, and the full wave model of the cavity antenna is shown in Fig. 6.6. Over 

the bandwidth 11.2 to 11.6 GHz the main lobe has a beam squint of 2.750 per 100MHz.  

 

 

   
(a) PRS unit cell                     (b) Magnitude response                  (c) Phase response 

Fig. 6.4 Partial reflective surface characteristics 

Patch
Substrate

Ground
14
mm13

.9m
m

     

(a) Metal ground unit cell         (b) Magnitude response                 (c) Phase response 

Fig. 6.5 Metal ground surface characteristics 
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At 11.4GHz a maximum directivity of 22.2dBi and a gain of 15.8dB are observed as shown in 

Fig. 6.7.  

 

 

(a) PRS - Metal ground cavity antenna     (b) Return loss of cavity antenna 

 

(c) Radiation pattern of cavity antenna 

Fig. 6.6 PRS- Metal ground cavity antenna radiation properties 
 



|C h a p t e r  6 :  N G D  b a s e d  F P C  A n t e n n a  w i t h  r e d u c e d  b e a m  s q u i n t  

129 

 

  

 

Fig. 6.7 (a) Radiation pattern of PRS – Metal ground cavity antenna 
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Fig. 6.7 (b) Radiation pattern of PRS – Metal ground cavity antenna 
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6.2. Fabry-Perot Cavity Antenna: PRS and High Impedance Surface  

The High Impedance Surface(HIS) is designed by a square conductor patch of length 8.82 mm 

printed on a substrate of 2.2 permittivity and 0.79mm thickness, with 14mm periodicity in both 

X and Y direction. With the HIS and PRS, that is designed in section 6.1, the cavity is formed 

with a height of 13.03mm to satisfy the phase condition given in Eq. 6.1. The unit cell 

simulation results are used to observe the phase and loss characteristics of the HIS, as shown in 

Fig. 6.8, and the full wave model of the cavity antenna is shown in Fig. 6.9. Over the bandwidth 

9.8 to 10.2 GHz the main lobe has a beam squint of 60 per 100MHz. At 10GHz a maximum 

directivity of 20dBi and a gain of 17.6 dBi are observed as shown in Fig. 6.10. 

 

 

 

(a) HIS unit cell             (b) Magnitude response                          (c) Phase response 

Fig. 6.8 High Impedance surface characteristics 
 

 

   

(b) PRS unit cell                     (b) Magnitude response                  (c) Phase response 

Fig. 6.4 Partial reflective surface characteristics 
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(a) PRS - HIS cavity antenna                            (b) Return loss of cavity antenna 

 

(c) Radiation pattern  

Fig. 6.9 PRS- HIS cavity antenna 
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Fig. 6.10 (a) Radiation pattern of PRS – HIS cavity antenna 
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Fig. 6.10 (b) Radiation pattern of PRS – HIS cavity antenna 
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6.3. Fabry-Perot Cavity Antenna: PRS and HIS with Negative Group Delay Behaviour  

NGD behaviour is introduced to the High Impedance Surface (HIS) by replacing the conductive 

patch with a lossy metal of 11.2W sheet resistance. In CST software a layer of unit cell is  

parameterised to get different sheet resistances. The sheet resistance and the dimension of the 

unit cell should be optimised, such that the phase response of  the NGD based HIS satisfies Eq. 

6.1 over 9.8 to 10.2 GHz bandwidth, as shown in Fig. 6.11. The theoretical and simulation 

phase responses of the NGD-HIS over the required bandwidth, to satisfy Eq. 6.1, are compared 

in Table. 6.1.  

 

 

 

 
Fig. 6.11 Theoretical and simulation phase response comparison for HIS with NGD 

behaviour 

145

150

155

160

165

170

9.8 9.9 10 10.1 10.2

Ph
as

e(
D

eg
)

Frequency (GHz)

NGD Theo

NGD (Sim)

-200
-150
-100
-50

0
50

100
150
200

9.8 9.9 10 10.1 10.2

Ph
as

e 
(D

eg
)

Frequency (GHz)

HIS-NGD
surface phase

PRS surface
phase



|C h a p t e r  6 :  N G D  b a s e d  F P C  A n t e n n a  w i t h  r e d u c e d  b e a m  s q u i n t  

136 

Table 6.1 Comparison of theoretical and simulation phase responses of NGD-HIS 

   Theoretical Simulation 
Frequency 

(GHz) 
Wavelength 

λ (mm) 
ØPRS 
(Deg) 

ØHIS 
(Deg) 

ØHIS 
(Deg) 

9.8 30.61224 -175.982 153.3812 152.96 
9.81 30.58104 -175.99 153.7335 153.254 
9.82 30.5499 -175.998 154.0858 153.553 
9.83 30.51882 -176.007 154.439 153.857 
9.84 30.4878 -176.016 154.7923 154.166 
9.85 30.45685 -176.025 155.1456 154.479 
9.86 30.42596 -176.034 155.4989 154.796 
9.87 30.39514 -176.043 155.8522 155.117 
9.88 30.36437 -176.051 156.2045 155.443 
9.89 30.33367 -176.06 156.5578 155.772 
9.9 30.30303 -176.068 156.91 156.105 
9.91 30.27245 -176.076 157.2623 156.442 
9.92 30.24194 -176.085 157.6156 156.782 
9.93 30.21148 -176.094 157.9689 157.125 
9.94 30.18109 -176.103 158.3222 157.472 
9.95 30.15075 -176.111 158.6745 157.821 
9.96 30.12048 -176.119 159.0267 158.173 
9.97 30.09027 -176.127 159.379 158.528 
9.98 30.06012 -176.136 159.7323 158.886 
9.99 30.03003 -176.144 160.0846 159.245 
10 30 -176.153 160.4379 159.607 

10.01 29.97003 -176.162 160.7912 159.97 
10.02 29.94012 -176.171 161.1445 160.335 
10.03 29.91027 -176.179 161.4967 160.701 
10.04 29.88048 -176.187 161.849 161.069 
10.05 29.85075 -176.195 162.2013 161.438 
10.06 29.82107 -176.203 162.5536 161.807 
10.07 29.79146 -176.212 162.9069 162.178 
10.08 29.7619 -176.22 163.2592 162.548 
10.09 29.73241 -176.229 163.6125 162.919 
10.1 29.70297 -176.237 163.9647 163.29 
10.11 29.67359 -176.244 164.316 163.661 
10.12 29.64427 -176.252 164.6683 164.031 
10.13 29.615 -176.261 165.0216 164.401 
10.14 29.5858 -176.269 165.3739 164.77 
10.15 29.55665 -176.278 165.7272 165.138 
10.16 29.52756 -176.286 166.0794 165.505 
10.17 29.49853 -176.294 166.4317 165.871 
10.18 29.46955 -176.302 166.784 166.235 
10.19 29.44063 -176.309 167.1353 166.597 
10.2 29.41176 -176.317 167.4876 166.958 
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A high impedance surface with NGD behaviour is created by replacing the conductor patch 

with a lossy metal layer in the unit cell simulation as shown in Fig. 6.12. In the simulation a 

layer with sheet resistance R is used as a lossy metal. As the sheet resistance R changes the 

phase and transmission loss characteristics of the surface also change, as shown in Fig. 6.13. 

With the particular value of sheet resistance R the HIS phase slope can be achieved to satisfy 

Equ. 6.1 over a wideband. For all these frequencies the main lobe direction in Equ. 6.1 is set to 

same values so the cavity antenna will work with high directional properties over a wideband 

with reduced beam squint. 

 

 

(a) Unit cell with lossy conducting layer    

 

(b) unit cell with conductor  

Fig 6.12 The proposed unit cell for high impedance surface with negative group delay 

characteristics   
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(a) Phase characteristics                         

 

(b) Magnitude characteristics 

Fig. 6.13 The transmission coefficient phase and magnitude characteristics of high 

impedance surface with negative group delay behaviour. 
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HIS with NGD Behaviour Unit Cell: 

A square lossy metal patch of length 9 mm, printed on a substrate of 2.2 permittivity and 

0.79mm thickness, with 13.1mm periodicity in both X and Y direction, is used for unit cell 

simulations. With the NGD-HIS and PRS, that is designed in section 6.1, the cavity is formed 

with a height of 14.77mm to satisfy the phase condition given in Eq. 6.1. The unit cell 

simulation results are used to observe the phase and loss characteristics of the NGD-HIS, as 

shown in Fig. 6.14, and the full wave model of the cavity antenna is shown in Fig. 6.15. Over 

the bandwidth 9.5 to 11  GHz, the main lobe has a beam squint of 0.20 per 100MHz. At 9.8GHz 

a maximum directivity of 11.6 dBi and a gain of -3.19 dBi are observed as shown in Fig. 6.16.  

 

 
(a) NGD-HIS unit cell       

                    
 (b) Magnitude response                                (c) Phase response 

Fig. 6.14 NGD-High Impedance surface characteristics 
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(a) PRS – NGD-HIS cavity antenna                      (b) Return loss of cavity antenna 

 
(c) Radiation patterns  

Fig. 6.15 PRS- NGD-HIS cavity antenna 
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Fig. 6.16(a) Radiation pattern of PRS – NGD-HIS cavity antenna 
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Fig. 6.16 (b) Radiation pattern of PRS – NGD-HIS cavity antenna 

 

 

 

 



|C h a p t e r  6 :  N G D  b a s e d  F P C  A n t e n n a  w i t h  r e d u c e d  b e a m  s q u i n t  

143 

The NGD based cavity antenna has operation over a wide bandwidth with 0.20 beam squint per 

100 MHz. It is observed that the loss introduced in the HIS to get the NGD behaviour has 

degraded the directivity and gain. The absorption of the HIS along the direction of signal 

propagation from dipole to the end of the cavity has increased due to the lossy patches. By 

introducing amplification between the patches of the NGD-HIS, radiation performance can be 

improved. In the next section loss compensated cavity antenna models are presented. 

6.4. Fabry-Perot Cavity Antenna: PRS And Loss Compensated NGD-HIS Models 

The signal degradation has increased due to the loss introduced in the HIS to achieve NGD 

behaviour. The amplifier blocks are employed between patches of HIS along the E-filed 

direction, i.e. parallel to the length of the dipole. 

A HMC633LC4 unidirectional amplifier block of 27dB gain is embedded between the square 

lossy metal patches of length 9 mm, printed on a substrate of 2.2 permittivity and 0.79mm 

thickness, with 13.1mm periodicity in both X and Y direction. With the loss compensated NGD-

HIS and PRS, that is designed in section 6.1, the cavity is formed with a height of 16.87mm to 

satisfy the phase condition given in Eq. 6.1. The unit cell simulation results are used to observe 

the phase and loss characteristics of the NGD-HIS, as shown in Fig. 6.17, and the full wave 

model of the cavity antenna is shown in Fig. 6.18. Over the bandwidth 10 to 10.75  GHz the 

main lobe has a beam squint of 1.30 per 100MHz. This beam squint can be further reduced by 

optimising the phase response of the HIS to satisfy Eq. 6.1, by taking the amplifier phase 

characteristics into account. At 10.6GHz a maximum directivity of 18.8dBi and a gain of 

5.64dB are observed as shown in Fig. 6.19. The performance parameters of the loss 

compensated cavity antenna are significantly improved, compared to the lossy model in section 

6.3. It is certainly evident that the loss compensated NGD based cavity antenna will enable the 

design of a highly directional cavity antenna over a wide bandwidth with minimum beam squint. 
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(a) Loss compensated NGD-HIS unit cell 

   
 (b) Magnitude response                       

 
          (c) Phase response 

Fig. 6.17 Loss compensated NGD-High impedance surface characteristics 
 

 

 

 



|C h a p t e r  6 :  N G D  b a s e d  F P C  A n t e n n a  w i t h  r e d u c e d  b e a m  s q u i n t  

145 

 

 

(a) PRS – Loss compensated NGD-HIS cavity antenna   (b) Return loss of cavity antenna 

 
(c)  Radiation pattern of the cavity antenna 

Fig. 6.18 PRS- Loss compensated NGD-HIS cavity antenna 
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Fig. 6.19 (a) Radiation properties (Directivity) of PRS – Loss compensated NGD-HIS cavity 
antenna 
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Fig. 6.19 (b) Radiation properties (Gain) of PRS – Loss compensated NGD-HIS cavity 
antenna 
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Loss Compensation Using Ideal Bi-directional Amplifier 

To confirm the possibility of further improvement in the radiation properties of the NGD based 

cavity antenna, an ideal 50dB amplifier block is embedded between the square lossy metal 

patches of length 9 mm, printed on a substrate of 2.2 permittivity and 0.79mm thickness, with 

13.1mm periodicity in both X and Y direction. Over the bandwidth 10 to 10.75  GHz, the main 

lobe has a beam squint of 1.30 per 100MHz. At 10GHz a maximum directivity of 20.4dBi and 

a gain of 14.2dB are observed as shown in Fig. 6.20 and Fig. 6.21. 

In the loss compensated model a biasing circuit for the amplifier has to be included to study its 

impact on the radiation properties of the proposed cavity antenna. Although there will be some 

degree of impact on the radiation properties of the cavity antenna due to the biasing network of 

the amplifiers, it has been proved that the HIS with NGD behaviour can reduce beam squint.  
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Fig. 6.20 Radiation properties of NGD based cavity antenna with ideal bidirectional gain 
blocks for loss compensation. 

 

 

 



|C h a p t e r  6 :  N G D  b a s e d  F P C  A n t e n n a  w i t h  r e d u c e d  b e a m  s q u i n t  

150 

 

  

(a) Return loss of full wave cavity antenna model   

 
(b) Radiation pattern at different frequencies 

Fig. 6.21 Radiation pattern of NGD based cavity antenna with ideal bidirectional gain blocks 
for loss compensation. 
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With the possible implementation of NGD behaviour in the HIS of the cavity, highly directional 

radiation properties over a wide bandwidth with less beam squint has been achieved. The 

following Table 6.2 summarises and gives a comparison of the directional properties in the 

various scenarios discussed in this chapter. 

Table: 6.2 Comparison of the directional properties of a cavity antenna in various scenarios 

 

Ground 
PRS Cavity 

Antenna 

HIS PRS 
Cavity 

Antenna 

NGD-HIS 
PRS Cavity 

Antenna 

NGD-HIS 
PRS Cavity 

Antenna 
With 

Amplifier 

NGD-HIS 
PRS Cavity 

Bi-Dir 
Ideal 

Amplifier 
Frequency 

(GHz) 
11.2 ~ 11.6 9.8 ~ 10.2 9.5 ~ 11 10 ~ 10.75 10 ~ 10.75 

BW(GHz) 0.4GHz 0.4GHz 1.5GHz 0.75GHz 0.75GHz 

Main lobe 

Beam squint 

per 100MHz 

2O-13O 

11O 

2.75O 

7O-31O 

24O 

6O 

21O-24O 

3O 

0.2O 

11O-21O 

10O 

1.3O 

13O-24O 

11O 

1.3O 

Directivity 
MAX 

22.1dBi 
@11.4GHz 

20dBi 
@10GHz 

11.6dBi 
@9.8GHz 

19dBi 
@10.6GHz 

20.4dBi 
@10GHz 

Gain  

MAX 
15.8dBi 

@11.4GHz 
17.6dBi 

@10GHz 
-3.19dBi 

@9.8GHz 
5.64dBi 

@10.6GHz 
14.2dBi 

@10GHz 

 

A novel concept based on negative group delay phenomena to reduce the beam squint in the 

cavity antenna is proposed in this thesis. A full-wave simulation based analysis has been made 

to show that the proposed antenna concept has sufficient level of gain and directivity with an 

advantage of reduced beam squint.  Material such as graphene could be used to implement the 

resistive layer in this proposed work in order to implement the negative group delay behaviour 

in Frequency Selective Surfaces. However, achieving an exact resistance value for this sheet 

will become a design challenge. With the availability of MMIC amplifiers it is possible to 
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design loss compensated cavity antennas. The way the amplification is achieved with respect 

to the electric field vector direction in the cavity will have an effect on the radiation properties. 

The biasing network of amplifiers will also have an effect on the overall performance of the 

cavity antenna.  
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Chapter 7 Conclusion and Future Work 

7.1. Conclusion 

A novel negative group delay (NGD) based technique to improve the performance of an antenna 

is presented in this thesis. A printed electrically small antenna (ESA) and a Fabry-Perot cavity 

antenna are designed using the NGD concept. An ESA integrated with an active circulator for 

simultaneous signal transmission and reception (duplex operation) operating at 1.8GHz over 

14% bandwidth is presented. In addition a loss compensated Fabry-Perot cavity antenna is 

shown to exhibit 1.30 per 100MHz beam squint over 0.75GHz with improved directivity and 

gain of 19dBi and 5.6dB respectively.  

The NGD based design approach has been proven to be effective in designing low profile 

antennas operating over a wide bandwidth with enhanced radiation performance. It is 

demonstrated that the NGD concept is easy to implement as a lumped element network and as 

a Frequency Selective Surface. It is observed that the NGD network with the desired 

characteristics can be designed by using a filter of right type and order. 

The advantages of NGD matching networks over conventional matching networks for antennas 

have been demonstrated.  For example the active matching networks suffer from stability issues 

and most often such designs are limited to unidirectional operation. By using LC based passive 

networks, matching can be achieved only over a very narrow bandwidth. However, the passive 

NGD network offers wide bandwidth impedance matching for an antenna. Also using NGD 

networks matching can be achieved at frequencies far lower than the quarter wavelength 

resonance frequency associated with the physical length of the antenna. Hence this approach is 

proved to be effective in the design of an ESA. The inevitable transmission loss of the NGD 
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based matching network is compensated using an active circulator. This enabled the ESA to be 

used in duplex mode.  

In the design of an active circulator transistors can either be used as the core element of the 

design or as an amplifier. In the first case, the reverse isolation of a transistor can be used to 

achieve isolation between the transmitter and receiver ports of the circulator. In this case the 

functionality of the circulator will be greatly affected by any variation in the bias voltage of the 

transistor. In such designs it will be more challenging to manage the overall stability and 

circulator operation. In the second case, transistors can be used to design an amplifier, which 

will act as a gain block to control the magnitude of signals to achieve signal cancellation in a 

ring configuration. In the ring configuration there will be less design flexibility when only 

amplifiers are used. Both the microstrip lines and amplifiers have frequency dependent 

transmission characteristics. This will result in signal cancellation over a very narrow 

bandwidth. With the use of a NGD network the magnitude and phase of clockwise (CW) and 

anti-clockwise (ACW) signals can be controlled, so that signal cancellation can be achieved 

over a wide bandwidth. The use of NGD networks offered more design flexibility in the choice 

of amplifiers for the active circulator. The proposed design approach enables the use of off-the-

shelf stable amplifiers as gain blocks, improving the stability of the overall system. This novel 

approach can be used to design active antennas integrated to circulators for different 

applications and can be implemented in different technologies.  

Due to the phase sensitivity of the design, ESA and active circulator prototypes are fabricated 

separately. The proposed concepts are experimentally verified by designing and testing an ESA 

operating at 1.08GHz(0.98l/2p)  of 50% bandwidth with a physical length of 43mm. A quasi-

active circulator operating at 1.5GHz with 200MHz (14%) bandwidth offering 20dB isolation 

between transmitter and receiver is also fabricated and tested. Between any pair of ports the 
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average gain in the CW direction is 5dB and the isolation in the ACW direction is greater than 

20dB. The noise figure is less than 5dB from the antenna to the receiver. Using the proposed 

method the bandwidth of the circulator is improved compared to similar designs reported in the 

literature. 

A novel Fabry-Perot cavity antenna designed with a partially reflective surface (PRS) and a 

high impedance negative group delay surface is presented. The effectiveness of the high 

impedance surface (HIS) with NGD behaviour in reducing the beam squint is demonstrated. 

The HIS with NGD characteristics enabled the establishment of the resonance phase condition 

over a 0.75GHz bandwidth resulting in a wideband cavity antenna with reduced beam squint. 

The signal absorption along the HIS and the possible loss compensation techniques are also 

discussed. A lossy design has only 0.20 per 100MHz beam squint over 1.5GHz bandwidth with 

degraded directivity and gain.  

Though the proposed method is proved to be effective in antenna impedance matching there is 

a need of improvement in efficiency. Also if this method is used for matching a receiver antenna, 

the NGD network will contribute noise that might affect the signal to noise ratio. In the case of 

an active circulator, hybrid implementation is observed to be very phase sensitive. However, a 

fully integrated MMIC implementation helps to avoid unwanted parasitic effects and 

component tolerances. These factors will lead to differences between fabricated and simulated 

models. Having successfully proved the concept the author is now convinced that implementing 

the proposed concept in MMIC technology will give a better prototype.  

In this thesis the possibility of using negative group delay concept to minimise the beam squint 

is successfully verified using full wave simulation. However, the availability of materials to get 

the required resistance value for layers should be studied further. This could be a limitation for 
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this concept. Embedding an amplifier and biasing circuit for loss compensation is another 

aspect that should be addressed both in view of complexity and cost.  

Despite the limitations and challenges discussed above the NGD based technique is stable and 

offered design flexibility in all the above scenarios. The possibilities of using the NGD concept 

in antenna impedance matching and signal cancellation are verified. The way the NGD network 

and amplifiers are used has helped to improve the stability. The NGD network based design has 

offered flexibility to use “off the shelf” stable amplifiers, this will help to address the stability 

issues in an active circulator. This design approach is suitable for a wide range of the frequency 

spectrum, for different antenna types and for different implementations. 
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7.2. Future Work 

The proposed designs can be fabricated and tested in an industrial setting. The author used in-

house facilities to fabricate prototypes. When a prototype is made in a industry facility the 

design and fabrication processes are more established. Also availability of sophisticated 

equipment ensures the accuracy of the feature size in the design. The enhanced fabrication 

standards guarantees the repeatability. It is possible some of the mismatches between the 

simulation and measurement results can be minimised by making prototypes from industry 

standard facilities. Various possible future works are discussed below. 

Matching: The maximum bandwidth over which matching can be obtained using NGD 

networks can be further studied. A dual band matching using Elliptic filter based NGD network 

can be further explored.   

There is a trade-off between the bandwidth of the ESA and the loss that requires compensation 

when a NGD network is used. This will have a further impact on the efficiency of the ESA, 

therefore the efficiency of an ESA is another performance parameter that needs improvement. 

Active circulator: The proposed active circulator integrated with an ESA can be implemented 

in MMIC technology. A fully integrated design would give more accurate results. The 

following Fig. 7.1 shows the work accomplished in this thesis and the possible future works 

that can be done in relation to circulators.   

A further study could be carried out to investigate the suitability of the proposed concept for 

different types of antenna. A further experimental study on the noise figure would also be useful. 

The power handling capabilities could be experimentally verified further to set the limitations. 
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Cavity antenna: The performance of the proposed Fabry-Perot cavity antenna needs to be 

experimentally verified.  The degradation of energy in the cavity due to the lossy HIS has been 

limited by using amplifiers between the patches. However, the effects of embedding the 

amplifier either within a unit cell or between unit cells should be studied. In addition the impact 

of amplifier biasing circuit on the overall antenna performance should be studied.  

 

Fig. 7.1 Various tasks related to the active circulator and possible future work 

(Tasks shown in green are accomplished in this thesis. Tasks shown in blue are possible 

further work related to circulators using the NGD concept)  
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Appendix A 

Active Circulator Experimental Results of Different Prototypes 

The isolation and antenna to receiver gain characteristics are studied with varying bias voltage 

of three amplifier (amplifiers are embedded in the paths: TA- Tx to antenna; AR- Antenna to 

Rx; and TR- Tx to Rx) for the model shown in Fig. 5.24, page-111. As shown in Fig. A.1, it is 

has been observed that the accurate reproduction of bias condition used in the simulation is 

necessary to get perfect working experimental model. 

 

 

(a). Change in isolation characteristics with varying amplifier bias.  

 

(b). Change in gain characteristics with varying amplifier bias. 

Fig.  A.1 The active circulator isolation and gain characteristics variation 

with changing amplifier bias voltage. 
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In addition to the prototype experimental results presented in chapter 5, in this section two more 

prototypes are presented.  A quasi-active circulator model is fabricated and tested. A Rogers 

RT5880 substrate is used for these prototypes. In the ring configuration between the transmitter 

and antenna ports a TRF37A75 amplifier is used. Two ADL5611 amplifiers are also used: one 

between the antenna and the receiver ports in the clockwise direction and the other between the 

transmitter and the receiver in the anti-clockwise direction. 

Active Circulator Prototype 2 

In the following Fig. A.2 the measurement setup of prototype 2 is presented. In simulation this 

design exhibited 20dB isolation over a 200MHz bandwidth.  

 

The gains in the transmitter to antenna path and the antenna to receiver path are on average 5dB. 

The lumped element values of the NGD networks are shown in Table A.1 below. A 5th order 

Butterworth filter with added resistors is used to design the NGD networks. The surface mount 

components, namely KOA 0603 resistors, ATC 0402 capacitors and Coilcroft 0402 inductors 

 

 

Fig. A.2 The prototype 2 of an active circulator 
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are used in the fabrication of the NGD network. The Keysight N5232B PNA-L (0-20GHz) 

Microwave Network Analyzer is used to measure the scattering parameters of the active 

circulator. 

Table: A.1 The resistor, inductor and capacitor lumped element values for NGD networks. 

The topology shown in Fig.5.16(a) is used to implement these networks. 

(Units : R - , L - nH, C - pF) 

Elements Clockwise Anti-clockwise 

RS1 60.4 200 

LS1 1 1 

CS1 12 12 

RS2 180 60.4 

LS2 3.3 3.3 

CS2 1.2 1.2 

RS3 60.4 60.4 

LS3 1 1 

CS3 8.2 8.2 

RP1 97.6 75 

LP1 5.1 5.1 

CP1 0.9 0.9 

RP2 84.5 30 

LP2 5.1 5.1 

CP2 0.9 0.9 

The reflection coefficient characteristics of the port of the active circulator are shown in Fig. 

A.3. A good agreement is observed between the simulation and experimental results over 1.32 

to 1.42 GHz band.  
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An average gain of 5dB is observed in the path from the transmitter to the antenna. The 

simulation and measured results have good agreement. Similarly an average gain of 2.5dB is 

 

Fig.  A.3  Port reflection coefficient (dB) characteristics 

 

  

 

Fig.  A.4  Prototype gain characteristics. 
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observed in the path from the antenna to the receiver. There is a disagreement between the 

simulation and measured results however. This is due to adjusting the ADL5611 amplifier bias 

that is in the path from the antenna to the receiver. This is all shown above in Figure A.4.  

As discussed in chapter 5 due to the sensitivity of the design to length and tolerances of the 

surface mount components, for 5V DC bias voltage signal cancellation is not achieved. By 

adjusting the bias voltages of the ADL5611 amplifiers isolation is observed over a narrow band. 

The following Fig. A.5 shows the isolation characteristics between the receiver and the 

transmitter. In simulation an average isolation of 30dB is achieved over 1.32 to 1.42GHz band. 

 

Active Circulator Prototype 3 

Another active circulator prototype is presented in the following Fig. A.6. A similar design 

approach is used as discussed in chapter 5. The prototype is fabricated on a Rogers RT5880 

substrate. The surface mount components, namely Koa 0603 resistors, ATC 0402 capacitors and 

Coilcroft 0402 inductors are used in the fabrication of the NGD network. The Keysight N5232B 

 

Fig.  A.5 Isolation between the transmitter and the receiver of prototype 2 
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PNA-L (0-20 GHz) Microwave Network Analyzer is used to measure the scattering parameters 

of this active circulator.  

 

 

(a) Measurement setup of an active circulator prototype 3 

 

(b) Active circulator prototype 3 

Fig. A.6 The prototype 3 of an NGD based active circulator 
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As shown in Fig. A.7 a similar response of isolation between the transmitter and the receiver is 

achieved in simulation and in measurement. However a shift in frequency is observed. This is 

because of the adjustment of the bias voltage and tolerances of the surface mount elements used 

in the fabrication. As has been mentioned in previous sections and in chapter 5 in the fabricated 

prototype a few factors such as the tolerance of the RLC elements and the soldering inaccuracies 

are creating extra phase and magnitude differences. For compensating these changes in phase 

and magnitude of the CW and ACW signal the DC bias voltage of amplifiers in the respective 

paths are adjusted.  

 

 

 

Fig. A.7 The isolation characteristics of an active circulator prototype 3 
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The return loss characteristics of the three ports of the circulator are shown in Fig. A.8. The 

measured and simulated port return loss characteristics are nearly the same within the operating 

bandwidth(the shaded range of frequency band). The receiver return loss characteristics need 

further improvement and this can be achieved by optimising the width and length of the receiver 

port feed line.  

 

 

Fig. A.8 The return loss characteristics of three ports of an active circulator 

 

  

0

-10

-20

-30

-40

0

-5

-10

-15

0

-10

-20

-30

-40

Return loss (dB)

Antenna

Receiver

Transmitter

1                          1.2                         1.4                         1.6                          1.8          2

Frequency (GHz)



|A p p e n d i x  A :  A c t i v e  C i r c u l a t o r  E x p e r i m e n t a l  R e s u l t s  

 168 

 

In Fig. A.9 the gain characteristics in the CW path from the transmitter to the antenna and in the 

AWC path from the antenna to the receiver are shown. In the AWR microwave office circuit 

simulation gains in these paths are obtained for a 5V bias condition for the amplifiers. Whereas 

during the measurement the bias voltage of amplifiers is adjusted. This is to compensate the 

phase and magnitude changes resulting from the tolerance and soldering inaccuracies. As a result 

of this modified bias voltage an insertion loss is introduced in these paths. 

 

 

 

Fig. A.9 The gain characteristics of an active circulator from antenna to receiver and 

transmitter to antenna. 
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