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Abstract—An innovative design method of bandpass (BP) 

negative group delay (NGD) active circuit is developed. The BP 
NGD topology consists originally of octopole and hexapole coupled 
line (CL) couplers. The NGD active circuit is validated by a 
prototype implemented in hybrid technology. The measured 
results are in good agreement with simulations. The CL-based 
passive circuit generates BP NGD performance with simulated 
and measured results showing NGD level of approximately -12 ns 
having 1.97 GHz center frequency with -11 dB transmission 
coefficient and -16 dB reflection coefficient. To compensate the 
loss, active circuit was fabricated by cascading the passive circuit 
with a microwave amplifier. Subsequently, the previous BP NGD 
performance is achieved with 0 dB gain. Moreover, a notable 
active microwave device characterization is performed with the 
NGD prototype via nonlinear measurements. It was found that the 
tested NGD prototype operates with 10-dB noise figure, 21 dBm 
P1dB compression, 29 dBm and 41 dBm OIP3. 

Index Terms— Active topology, Coupled line (CL), Microwave 
circuit, Bandpass (BP) negative group delay (NGD), Transmission 
line (TL), Characterization test.  

I. INTRODUCTION 
HE DELAY effect is one of major roadblocks of 

communication system performance [1-5]. Nowadays, 
there is different manifestation of delays. The delay effect can 
increase the signal distortion. The delay can generate undesired 
desynchronization between signal data propagating through 
parallel channels. Among the different delay constraints, the 
undesirable group delay (GD) effects limit the RF microwave 
device performances [4-5].  

To overcome these undesirable delay effects, different 
solutions were envisaged by the electronic communication 
design engineers. Between the developed technique in the 
literature, the negative group delay (NGD) based compensation 
technique was expected to be a good solution [6-8]. However, 
nowadays, the knowledge of NGD function remains limited to 
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very few microwave research design engineers [9-19].  
Various tentative fields of application were suggested. For 

example, circuits operating with bandpass (BP) type NGD 
function were proposed for designing bilateral gain 
compensated circuit [9], bidirectional amplifier [20], frequency 
independent phase shifter [21] and non-Foster element design 
[22]. However, the BP NGD passive circuits suffer, initially, 
from excessively high attenuation losses which may reach 20 
dB with left-hand metamaterial structures.  

To overcome the insertion loss, further research work efforts 
have been made since early 2010s on the design of microwave 
NGD active circuits [11-16]. To operate with low attenuation 
and, significant BP NGD performance, some interesting NGD 
passive networks [17-19] were introduced. For example, an 
NGD active circuit implemented with low-noise amplifier 
(LNA) cascaded with RL- and RC-network based passive 
circuit was introduced [15-16]. Nonetheless, the lumped 
component based NGD active circuits are frequency limited. 
Therefore, some distributed NGD topologies, for example, 
based on coupled line (CL) based attracted the attention of NGD 
researchers last decade [17-19]. It is found that the CL based 
passive BP NGD circuits [17-18] enable to operate with low-
loss but not significant NGD figure of merit related to value-
bandwidth product. It explains why the microwave engineering 
is currently facing to the challenge on the design of circuits 
susceptible to operate with large NGD value and low insertion 
loss. To face up this technical challenge, one of solutions 
consists in using RF amplifiers. But this solution raises an 
obvious question never being solved, until now, about the active 
microwave circuit constraints such as non-linearity (NL), 
output 1 dB compression point (P1dB) and noise figure (NF) of 
BP NGD circuits. 

For this reason, the present research work is focused on the 
design of active and BP NGD circuit including, original 
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contribution, on NL and NF active circuit characterization. The 
BP NGD topology under study is comprised of a distributed BP 
NGD passive circuit cascaded with microwave amplifier. In 
difference to the existing NGD work [15-16], the present paper 
is exploring a CL based BP NGD active topology with NL and 
NF active circuit characterization. The paper is mainly 
organized in three different sections as follows: 

• Section II introduces the design, simulations and 
experimentations of three CL based passive circuit. The 
main specifications of the unfamiliar BP NGD function 
will be introduced. 

• Section III focuses on the BP NGD active circuit 
investigation. After the BP NGD characterizations of the 
proof of concept, an original study will be performed 
about the NL and NF aspects. The NGD prototype P1dB, 
power added efficiency (PAE), NF and third order 
intercept (IP3) measurement results will be measured 
and discussed.  

• Finally, Section IV is the conclusion. 

II. BP NGD ANALYSIS OF THE THREE COUPLED LINE (CL)-
BASED PASSIVE CIRCUIT 

The present section presents the design of the proof of 
concept (POC) of the three CL passive circuit in microstrip 
technology. After the recall on the basic specifications of the 
unfamiliar BP NGD function. Then, the simulation and 
measurement results of the BP NGD prototype will be 
described. 

A. Design Description of the Three-CL Based NGD Passive 
Prototype 

As illustrated in Fig. 1(a), the NGD passive schematic under 
study is originally implemented with combination of two- and 
three- parallel CLs. As shown in Fig. 1(a), it consists of CLs 
denoted CL1 with reference ports (1,3,4,5), CL2 with reference 
ports (2,7,9,10) and CL3 with access ports (4,5,6,7,8,9). CL1,2,3 
have the same physical lengths, widths, and interspaces. The 
ports numbered (3,6,8,10) are open ended. This passive 
structure is a fully distributed circuit without any lossy lumped 
passive component. Fig. 1(b) and Fig. 1(c) describe the 2-D 
design and photograph of the fabricated prototype, respectively. 
This prototype was fabricated on the FR4 substrate whose 
characteristics are addressed in Table I. 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 1 (a) Circuit diagram, (b) 2-D design and (c) photograph of the fabricated 
NGD circuit prototype. 
 

TABLE I 
NGD PARAMETERS AND SPECIFICATIONS 

Components Description Parameter Value 

Dielectric 
substrate 

Material FR4 - 
Relative 

permittivity εr 4.4 

Loss tangent tan(δ) 0.02 
Thickness h 1.6 mm 

Metallization 
Material Copper (Cu) - 

Thickness t 35 µm 
Conductivity σ 58 MS/m 

CL1,2,3 

Length d 20 mm 
Width w 3 mm 

Interspace s 0.5 mm 
Coupling 

coefficient k -11.78 dB 

Access line Length d1 5 mm 
Width w 3 m 

 
Before the fabrication, the CL were slightly optimized in order 
to reach better NGD performances. The CL physical widths, w, 
correspond to characteristic impedance, Z=46.6 Ω. The CL 
quarter wavelength (θ=90o) is set at the NGD center frequency, 
f0=1.97 GHz. The considered CLs have the same coupling 
coefficients, k=−11.78 dB. This fabricated prototype displayed 
in Fig. 1(c) presents the physical size equal to 20 mm × 90 mm. 

Before the exploration of the experimental validation of the 
three-CL passive circuit prototype, the recall on the unfamiliar 
BP NGD function specifications will be discussed in the 
following subsection.  

B. Recall on the Frequency Response Parameters for the BP 
NGD Circuit Analysis 

Similar to all microwave circuit, the two-port device 
analysis was carried out with frequency dependent S-
parameters. By denoting the angular frequency variable, 
ω=2πf, acting as symmetric passive topology, the two-
dimensional S-matrix model of the CL based circuit can be 
expressed as: 

.                               (1) 

Acting as a symmetrical circuit, we have the reflection 
coefficients, , and transmission coefficients,

. The frequency responses analyses depend 
on the S-parameter magnitudes: 

         (2) 

and also, the transmission phase: 
.       (3) 

From the last expression, we can associate the GD response 
defined by: 
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The BP NGD analysis consists in identifying a frequency band, 
, containing the NGD center angular frequency: 

,       (5) 
with: 

.       (6) 
Meanwhile, when , in function of the targeted real 
value of specifications, A and B, the BP NGD circuit test should 
satisfy the following requirement: 

.         (7) 

Under these cut-off frequencies, the BP NGD bandwidth is 
given by: 

.         (8) 
As practical application of these analytical specifications, 

NGD analysis of the three-CL passive circuit will be 
investigated in the following subsection. 

C. Discussion on the Three-CL Prototype Simulated and 
Experimented Results 

The simulation results of the three-CL passive circuit were 
run in the environment of the microwave electronic circuit 
designer and simulator ADS® Momentum from Keysight 
Technologies®. All the measurements presented in this work 
were performed with the vector network analyzer (VNA) from 
Rohde & Schwarz (ZNB 20, frequency band 100 kHz to 20 
GHz).  

Figs. 2 display the comparisons of the three CL prototype 
simulated and measured results. The analyses are performed 
within the frequency band from 1.9 GHz and 2.05 GHz. As 
expected, these well-correlated simulated and measured results 
validate the BP NGD function of the tested microstrip passive 
circuit. As plotted in Fig. 2(a), at the center frequency, f0=1.97 
GHz, the tested circuit presents the NGD optimal simulated and 
measurement values, GD(f0), approximately -11.3 ns against -
11 ns, respectively. The NGD bandwidth is approximately 31 
MHz.  
 

TABLE II 
SIMULATED AND EXPERIMENTED NGD PERFORMANCES OF THE THREE CL-

BASED PASSIVE CIRCUIT 
Validation 

Method f0 (GHz) GDn (ns) 
BW 

(MHz) 
S21 

(dB) 
S11 

(dB) 
Simulation 1.972 -10.3 27 -9.8 -23 

Measurement 1.974 -12 31 -11 -16 
 
 

 
Fig. 2. (a) GD, (b) transmission and (c) reflection coefficients of the fabricated 
circuit shown in Figs. 1. 
 
As shown in Fig. 2(b) and Fig. 2(c), the transmission coefficient 
is equal to -11 dB while the reflection coefficient is better than 
-16 dB within the NGD bandwidth. The differences between the 
simulated and experimental results are notably due to the 
numerical computation inaccuracies, the substrate dispersion 
loss, the metallization skin effect, and the fabricated circuit 
imperfection in the considered working frequency. Table II 
summarizes the comparison of NGD performances from the 
simulation and measurement. We may emphasize that the NGD 
value and NGD bandwidth are not wide enough for certain 
applications. The limit of the NGD value induced by the 
developed three-CL based topology depend on the constituting 
TL width, length and interspace. Deep analytical investigation 
about this limitation constitutes the future study. Nevertheless, 
it can be found that the passive circuit suffers of high 
attenuation loss. 

To overcome this attenuation loss issue, we propose to 
cascade the circuit with a microwave amplifier. The 
characterization of BP NGD active prototype will be explored 
in the following section. 

III. BP NGD ANALYSES OF SECOND PROTOTYPE WITH NL 
AND NF ACTIVE MICROWAVE CIRCUIT CHARACTERIZATION  
The present section is focused on the innovative NGD 

characterization of the designed and fabricated active 
microwave circuit. The implemented active circuit prototype is 
designed by combining the previously investigated 3-CL 
passive circuit with a microwave amplifier. In difference to the 
existing active NGD circuit investigation [6-16,20-21], the NL 
and NF of the implemented NGD active circuit prototype are 
empirically also characterized. 

A. BP NGD Validation Test Results of the Second Active 
Circuit Prototype 

 To compensate the insertion loss of passive NGD circuit 
introduced in Figs. 1, we have fabricated another active circuit 
prototype using a microwave amplifier. In this case, the POC is 
constituted by passive circuit and a packaged LNA.  
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1) Design Description and Test Setup of the Active NGD 
Circuit Prototype 

The employed amplifier is a surface mounted monolithic LNA 
referenced PGA-103+ which is available as a commercial 
component from mini-circuits® [23]. The schematic of the 
amplifier including the RLC bias network and DC block 
networks is introduced in Fig. 3(a). The main parameters 
implemented in the active circuit prototype are addressed in 
Table III. Based on the datasheet, the LNA specifications can be 
represented by its gain, G and reflection, r. In other words, the 
LNA model can be approximately represented by its equivalent 
2-D S-matrix: 

.                               (8) 

 
TABLE III 

SPECIFICATIONS OF THE ACCESSORY RLC COMPONENTS FOR BIASING THE 
MICROWAVE AMPLIFIER 

Function Component Name Reference/ 
manufacturer Value 

DC blocking Capacitor C_pass Murata 200 pF 

Bias network 
Resistor R Murata 100 Ω 
Inductor L Murata 47 nH 
Capacitor C_filter Murata 100 nF 

Amplification Amplifier 
LNA 

Mini-circuit 
(PGA-103+) 

- 
G 11dB 
r 20 dB 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 3. (a) Schematic of the employed microwave amplifier [23], (b) photograph 
of the fabricated active NGD circuit. and (c) photograph of the experimental 
setup. 
 

This table indicates the name, reference, value of LNA, bias 
networks components, DC block capacitor. Fig. 3(b) introduces 
the photograph of the fabricated NGD active circuit prototype. It 
was implemented on the FR4 substrate having specifications 
indicated previously in Table I. The LNA was inserted in 
downstream of the passive circuit as defined earlier in the circuit 
of Fig. 1. As shown in Fig. 3(c), the experimental validation of 
the BP NGD active circuit prototype was also carried out based-
on S-parameter measurements. The test condition was performed 
by using same VNA as indicated in the last section.  During the 
test, the active circuit was biased with V0=5 VDC power supply. 

 
2) Discussion on NGD Results of Active Circuit Test 

The comparisons between simulation and measurement results 
are shown in Figs. 4. The S-parameter simulation result of the BP 
NGD active circuit was generated in the ADS® Momentum 
environment. During the simulation, the touchstone file of PGA-
103+ provided by the manufacturer was considered. The 
measurement frequency responses are thought in very good 
correlation with the simulations. Furthermore, the results confirm 
the BP NGD function without loss expected with the passive 
NGD circuit combined with a microwave amplifier. It can be 
pointed up that the amplifier does not influence the GD 
responses. As shown in Fig. 4(a) and in Fig. 4(b), the NGD 
performances from measurement and simulations present an 
excellent agreement on NGD center frequency, value and 
bandwidth. The relative inaccuracies of reflection coefficient 
between the measurements and the simulations are better than 
5%. 

 
Fig. 4. (a) GD, (b) transmission and (c) reflection coefficients of the fabricated 
NGD circuit shown in Fig. 3(c). 
 

B. NL and NF Specifications of the Tested BP NGD Active 
Prototype 

In addition to the NGD analyses, the specifications of the 
tested active circuit were innovatively also assessed. Three 
different NL and NF major tests of NGD active circuit were 
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performed. The NL and NF characterization results will be 
discussed in the following paragraphs. 
1) P1dB and PAE Based NGD Active Prototype NL 
Characterization Test 

This NL characterization is based on the simultaneous 
measurements of the input and output power amplitudes, Pin 
and Pout, of the NGD circuit compared to the feeding power, 
PDC. The NL experimental test setup is highlighted by the 
diagram of Fig. 5(a). After test, we got the frequency dependent 
powers, Pin and Pout. Fig. 5(b) shows the experimental P1dB 
performance and the PAE for active NGD circuit. During the 
NL test, the bias voltages of the NGD circuit are fixed to VGG= 
5 V. From Fig. 5(c), it can be seen that the typical experimental 
P1d dB is 21.5 dBm at 1.97 GHz. The active NGD circuit power 
consumption is approximately 420 mW. Then, the PAE is 
calculated by the equation: 

                                   (9) 

As shown in Fig. 5(b), the tested active NGD circuit PAE is 
approximately 32%. 

 
Fig. 5. Experimental results of the NGD active circuit introduced in Fig. 3(b): 
(a) 1-dB power compression point and (b) PAE. 
 
2) NF Characterization Test of the NGD Active Prototype 

The NF characterization of the BP NGD active circuit was 
carried out as highlighted in Fig. 6(a). It was realized with the 
EXA signal analyzer N9010A from Agilent Technologies® 
having frequency band from 10 Hz to 44 GHz. The noise source 
N4002A is manufactured by Agilent Technologies® operating 
with frequency band 10 MHz to 26.5 GHz.  
 

 
(a) 

 
(b) 

Fig. 6. NF characterization (a) experimental setup and (b) measured result of 
the NGD active circuit introduced in Fig. 3(b). 
 
The frequency dependent NF result is shown in Fig. 6(b). We 
emphasize that at 1.97 GHz, the NF achieves its maximum 
which is approximately 11 dB. 
3) IIP3 and OIP3 NL Characterization Test of the NGD 
Active Prototype 

The nonlinearity output third order intercept point (OIP3) 
and input third order intercept point (IIP3) were measured using 
the test setup shown in Fig. 7(a). Two signal generators (Agilent 
MXG Analog Signal Generator N5183A 100 kHz-40 GHz, 
Agilent N9310A RF Signal Generator 9 kHz-3 GHz) were used 
to generate two-tone signals with amplitudes, V1, and V2, as 
defined analytically by  

.     (10) 

By taking, Δf=1 MHz, these harmonic signals are defined by 
the center frequencies: 

.                           (11) 

The two-tone signals are combined using the commercial power 
combiner identified by following reference, ZFRSC-42-
S+ operating in the frequency band, DC-4200 MHz from mini-
circuits®. The combined signal is visualized with Spectrum 
analyzer (Agilent MXE EMI Receiver N9038A 20 Hz-26.5 
GHz). The two-input signal amplitudes are parametrized with 
the values. During the test, the fundamental signal is recorded 
with amplitude P1. The amplitude of third intermodulation 
harmonics defined by the relation: 
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（a） 

 
(b) 

Fig. 7. OIP3 and IIP3 characterization (a) experimental setup and (b) measured 
results. 
 

                          (12) 
is recorded as P2. The OIP3 is calculated by: 

.                         (13) 

The IIP3 is calculated by the equation: 
IIP3=OIP3-gain.                         (14) 

The frequency dependent measured OIP3 and IIP3 are plotted 
in Fig. 7(b). It can be pointed out from this test result that the 
OIP3 is 41 dBm and the IIP3 is 29 dBm. 

C. Discussion on the Active Prototype Performances 
Compared with the Literature 

One may wonder about the performances of the tested NGD 
active circuit with respect to the existing ones in the literature. 
This last subsection proposes a brief comparative study with 
respect to the existing work. 
1) Discussion on NGD Performances 

The comparisons of the proposed BP NGD performance with 
the exiting results in the literature [12, 14-15] are summarized 
in Table IV. It is noteworthy that compared to the previous 
work, the introduced passive and LNA-based NGD topology 
shows notable advantages in terms of possibility to operate with 
large NGD value, high center frequency, design simplicity and 
good non linearity characteristics, large P1dB point and low 
noise figure. The designed NGD active prototype has a better 
NGD performance and figure-of-merit (FoM), which is defined 
as: 

.            (15) 
 

TABLE IV 
NGD PERFORMANCE COMPARISON  

References f0 (GHz) GDn (ns) BW 
(MHz) S21 (dB) FoM 

[12] 1 -1 200 0 0.2 
[14] 1.15 -3 75.9 0 0.22 
[15] 0 -5 32 0 0.16 

This work 1.97 -12 31 -0.5 0.35 
 
2) Discussion on the NL and NF Performances with Respect 
to GSM, UMTS and 5G Devices 

The NL parameters such as 1 dB gain compression point, NF 
and the third-order intercept points are the main parameters for 
the active microwave device performances. Among the most 
critical devices, we can consider the amplifier and mixer device 
NL in order to define the dynamic range of their operation. 
These parameters can be connected to adjacent channel power 
ratio and error vector magnitude (EVM) in amplifiers and must 
be kept under control. Thus, the GSM UMTS and 5G 
communication all have guidelines on the PAE, NF and OIP3. 
As shown in Table V, this work presents better PAE and OIP3 
performances than the requirement of wireless communication. 
 

TABLE V 
COMPARISON OF NL AND NF CHARACTERISTIC PERFORMANCES  

References PAE NF (dB) OIP3 (dBm) 
GSM 20% 10 35 

UMTS 20% 9.6 32 
5G 15% -0.5 35 

This work 32% 11 41 
 

IV. CONCLUSION 
An original test characterization of active circuit exhibiting 

BP NGD function is investigated. The BP NGD circuit is tested 
for the characterization based on NL and NF measurements. 

The NGD prototype consists of CL based passive circuit 
cascaded with microwave amplifier. The designability of the 
innovative BP NGD topology is confirmed with simulations 
and measurements of microstrip distributed circuit-based 
prototype. As expected, the feasibility of loss compensation 
was verified under about 10-dB NF added with measurements 
of P1dB, PAE, IIP3 and OIP3. The measured NF and NL 
performances of the innovative active BP NGD circuit are 
rather good enough for certain cases of RF and microwave 
devices. 

In the continuation of the present research work, the 
improvement of different NGD circuit performances are in 
progress. Doing this, the design with the proposed BP NGD 
passive topology can be improved as follows. To increase the 
NGD bandwidth, passive cells targeted to operate at slightly 
different NGD center frequencies can be associated in cascade. 
To reduce the size, we can modify the shape of constituting 
conductor line constituting the NGD circuit instead of using 
straight I-line. 

The performance of the tested prototype is encouraging for 
the development of BP NGD active circuit for future RF and 
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microwave systems as 5G devices. 
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