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Abstract—There is an increasing demand for wide-band 

antennas with physically small size for wireless communication 

devices in commercial applications such as mobile phones and 

electronic devices that require covering increasing large 

frequency band with a compact antenna. Electrically small 

antennas are preferably chosen to comply with these 

requirements. However, these antennas are characterized by 

large reactance and low radiation resistance which make them 

very difficult to impedance match. Moreover, they suffer from a 

narrow bandwidth when they are matched with traditional 

passive matching networks due to the gain-bandwidth 

restrictions derived by Bode and Fano. Synthesized circuits 

containing negative elements called non-Foster reactive networks 

can bypass those restrictions and achieve a continuous 

broadband matching. This paper presents a new perspective in 

designing a stand-alone non-Foster reactive element based on 

negative group delay (NGD) networks, overcoming the stability 

issues of the traditional methods using negative impedance 

converters NICs and negative impedance inverters NIIs 

Index Terms—Non-Foster elements, negative group delay 
(NGD), electrically small antennas.  

I.  INTRODUCTION   

A reactance theorem has been established by Foster when 
looking at the impedance of a passive lossless element [1,2]. It 
states that the input reactance must always have a positive 
slope with frequency. Moreover, the associated reflection 
coefficient on the Smith chart rotates clockwise (CW) with 
increasing frequency, as depicted in Fig. 1. examples of Foster 
reactive elements are positive capacitors and inductors. 

There has been an intensive research work to match the 
reactive part of antennas in different frequency bands with 
conventional RLC passive networks for commercial use in the 
last years. These passive matching networks usually employ 
passive elements such as inductors, capacitors and resistors. 
Using these elements in a passive matching network to match 
a small antenna, it is possible to cancel out the antenna’s input 
reactance at a single frequency as illustrated in Fig. (2.a) [3]. 
Moreover, the achievable bandwidth is limited by a 
fundamental limit called Gain-Bandwidth limitation derived 

by Bode, Fano and Youla [3,4] that would prevent efficient 
impedance matching over any significant bandwidth when 
attempting a broadband match. 

 

Non-Foster impedance matching techniques are proposed 
as a way of bypassing the restrictions of gain-bandwidth 
theory and transforming the electrically small antenna into a 
new kind of radiating structure to expand the bandwidth over a 
wide frequency range to meet the demands of different 
wireless communication applications such as, mobile phones 
[5]. They employ active networks of negative capacitors 
and/or negative inductors, also known as non-Foster reactive 
elements. They can be used in matching networks between the 
generator and the antennas or embedded matching networks 
inside the antennas themselves, resulting in broadband 
matched antennas [6]. 

Non- Foster elements have a negative input reactance 
slope versus frequency. It rotates counter-clockwise (CCW) 
around the perimeter of the Smith chart with increasing 
frequency as shown in Fig. 1. This feature which is not 
commonly not found in nature, can eliminate or reduce the 
reactive part of the antenna input impedance or any other 
surface over a wide frequency range when attempting a 
broadband match as depicted in Fig. (2.b) [6]. 

 

 

Fig.1: (a) the reactance rotation of Foster and non-Foster elements around the 
Smith chart; (b) the reactance slope vs. frequency 
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Fig.2: Conventional LC passive matching network vs non-Foster matching 

network [5]. 
 

Non-Foster circuits are traditionally realized by active 
circuits, called negative impedance converters (NICs) and 
negative impedance inverters (NIIs) [5]. The first 
transistorized NIC was introduced by Linvill [7] in 1954. 

Most publications in this area have focused on utilising 
negative capacitors and negative inductors for matching small 
antennas and as integrated circuits with metamaterial 
structures designed to achieve a wider bandwidth. For 
example, in [5, 8], the authors have demonstrated the use of 
non-Foster with electrically small dipole and monopole 
antennas for reception and transmission applications. 
However, none of these papers showed in detail how to design 
and make the whole network stable. Besides that, the matched 
antennas had low top frequencies within the HF and the VHF 
regions. 

In References [6] the authors have designed a 
transistorised NIC based on the Linvill mode. It was operating 
as a negative capacitor at 1.5 GHz. Subsequently, the NIC was 
used as a non-Foster matching network to match a chassis 
antenna to broaden the bandwidth. To the best of our 
knowledge, it is the highest achieved frequency reported in the 
literature so far using transistorised NICs. The main reason 
why only a few successful demonstrations have been reported 
beyond VHF bands is the stability issue associated with the 
NICs, arising from generating negative impedances at 
microwave frequencies and higher. 

This motivates the search for an alternative way of 
generating non-Foster behaviour; hence, the work on NGD 
networks to design stable non-Foster circuits proves important 
and is appealing to overcome the stability problems of the 
traditional methods at microwave frequencies.  

In reference [9] a relationship between a non-Foster 
reactive elements and networks with Negative Group Delay 
(NGD) responses was established. furthermore, transmission-
type NGD networks were employed to realize non-Foster 
elements and regular amplifiers were used to compensate the 
losses in the NGD networks. Furthermore, non-Foster reactive 
elements loaded with a regular transmission line were 
proposed to overcome beam-squinting issues in series-fed 
array antennas [9]. 

This paper develops an alternative technique for 
synthesising networks with non-Foster behaviour using 
negative group delay (NGD) networks. The novel technique 
was firstly presented in [10] and provided a new route of 
designing stable non-Foster reactive elements using reflection-
type negative group delay (NGD) networks. This paper 
presents the proposed NGD-based non-Foster network and, 
through simulation, demonstrates its potential use to improve 
the matching bandwidth of an electrically small planar 
monopole antenna (PMPA) and tune its resonance as well at 
microwave frequencies. Stability analysis using Nyquist 
criteria for the proposed NGD-based non-Foster reactive 
circuit and when it is matched with the antenna has been 
performed and showed that the overall structure is stable and 
well behaved. 

 

II. NGD-BASED NON-FOSTER REACTIVE NETWORK DESIGN  

A.The concept of negative group delay (NGD ) 

The theory behind the NGD concept is reviewed here. 

Negative group delay (NGD) happens when a signal passing 

through a suitably configured network in a forward or a 

backword direction [10]. Such a network is called a 

transmission-type NGD network or a reflection-type NGD 

network respectively. This network is traditionally realised by 

passive networks such as RLC circuits by cascading them in 

series and/or parallel fashions. The existence of NGD 
behaviour can be determined analytically from the phase 

response of the S-parameters of that circuit. An increasing 

phase with frequency in a specific frequency range indicates 

NGD response. Other methods for performing NGD networks 

can be performed by other methods which exist in the literature 

[9].  
 

B. Reflection-mode NGD network design and experiment 

 A new technique for synthesising networks with NGD 
behaviour was firstly presented in [10] and is summarised 
here. The novel NGD structure working in the reflection mode 
is constructed by employing LC resonators with transmission 
lines as depicted in Fig. 3. The NGD circuit has been 
designed, fabricated and experimentally validated. 
Measurement and simulation results of the reflection 
coefficient (S11) show that there is an increasing reflection 
phase with frequency in the frequency range of interest from 1 
to 2 GHz. This indicates an NGD behaviour in the proposed 
circuit The NGD circuit is acting as a non-Foster reactive 
element particularly a negative capacitor from 1.2 GHz to 1.37 
GHz as shown in Fig. 4. However, there are losses associated 
with the NGD network by about 10 dB which need to be 
compensated by amplification as shown in the next subsection 
C. 
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Fig. 3. Photograph of the proposed NGD circuit prototype 

 

 

Fig. 4. Complex S11 plot of the NGD network obtained for both simulation 

and measurement as a comparison. 

 

C. Final synthesised NGD-based non-Foster reactive network  
 

 A new technique to compensate the losses of the NGD 
network is introduced. It is comprised of two reflection-mode 
NGD networks and a negative resistance reflection amplifier 
in a balanced structure with a Lange coupler. For more 
information regarding the design and the operation of each 
component, readers are referred to reference [10, 11]. After all 
the individual elements are modelled, fabricated and 
experimentally tested to validate their theoretical concepts. 
They have been integrated together to perform the overall 
NGD-based non-Foster reactive network. The advantage of 
this novel design is that the overall NGD response is provided 
by separate passive circuits which have no stability concerns. 
The S11 magnitude and phase results of the overall structure 
are illustrated in Fig. 5. There is an increasing reflection phase 
with a positive slope which means that circuit exhibit a non-
Foster behaviour in that specific bandwidth. Furthermore, as 
clearly shown in the figure the amplitude of the reflection 
coefficient is very close to 0 dB in the frequency region of 
interest. This proves that the proposed loss compensation 

technique is working correctly as expected as the losses of the 
NGD networks have been compensated resulting in a loss free 
non-Foster reactive circuit working as a negative capacitor in 
that limited bandwidth. Finally, the stability of the proposed 
NGD-based non-Foster circuit is checked using the Nyquist 
stability measured with modified gamma-probe 
(STABN_GP2) measurement available in NI AWRDE 
Microwave Office showing that the circuit is stable. 

 

 

Fig. 5. Reflection coefficient S11 response plots for the overall non-Foster 
NGD network 

 

III. THE USE OF THE NGD-BASED NON-FOSTER NETWORK IN 

ANTENNA MATCHING APPLICATIONS  

 
The potential use of the proposed NGD-based non-Foster 

network to improve the matching bandwidth of an electrically 

small antenna at its terminals is presented. A suitably 

electrically small planar monopole patch antenna (PMPA) has 

been designed to be operating above the frequency range 

where our proposed non-Foster NGD network is working as a 

negative capacitor for two reasons. Firstly, to match the 

antenna below its resonant frequency and to broaden its 

bandwidth. Fig. 6 shows the results obtained from Microwave 

Office of the antenna return loss (RL) and when it is matched 

in a shunt non-Foster matching network using our non-Foster 

NGD circuit as well as with a Foster matching network. As it 
can be seen, it was possible to match the antenna below its 

operating frequency. Moreover, the graph reveals a significant 

improvement in the achieved bandwidth when the antenna was 

matched with non-Foster technique compared to antenna alone 

and to what is obtained when it was passively matched. 

Hence, transferring the antenna to a new kind of radiating 

structure can be called as a wide-band electrically small 

antenna suitable for different wireless communication 

applications. 
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Fig. 6: Return loss (RL) results for the antenna itself and when matched with 

different matching networks 

 

IV. CONCLUSION  

This paper has introduced a new technique for designing 

reactive networks with non-Foster behaviour using NGD 

networks rather than using the traditional techniques with 

NICs. Moreover, it demonstrated the potential use of the 

NGD-based non-Foster circuit in antenna matching 

applications. It was possible to match a relatively small PMPA 

antenna before its resonance as well as improve its 
performance and broaden its bandwidth. This wide-band 

electrically small antenna is very much appealing in wireless 

applications such as mobile phones because of its compact 

size. Moreover, it can be successfully deployed in a scaled 

frequency to cover the GSM 900 and 1800 bands  

 
Further work is required on fabricating and testing the 

proposed wide-band electrically small antenna matched with 
our non-Foster NGD network and experimentally demonstrate 
its capability in transmit and receive applications. 
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