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Abstract— In this paper, we propose a tunable power divider 
with negative and positive group delays. The proposed circuit 
consists of 1:1 Wilkinson power divider and branch-line tunable 
negative group delay (NGD) circuit. In the designed circuit, the 
tunable NGD is obtained through a transmission path 3 and 1, 
whereas the fixed positive group delay (PGD) is in between path 
2 and 1.  The NGD between path 3 and 1 and power division ratio 
can be tuned by varying bias voltage of PIN diodes. For 
experimental verification, the tunable NGD power was designed 
and fabricated at center frequency of 2.14 GHz. Measurement 
results have a good agreement with simulation and predicated 
theoretical values. 

Keywords— Branch-line, tunable power division ratio, negative 
group delay, transmission line, unequal power divider.  

I.  INTRODUCTION  

Power dividers are essential blocks in microwave and 
millimeter systems and have been applied for power 
combining and splitting in various applications [1]. One of the 
power divider’s application example is a feeding network in 
the beamforming of series-fed antenna arrays. However, the 
beamforming in series-fed antenna arrays can inherently suffer 
from beam-squinting, which can leads to an unwanted change 
in the direction and shape of radiation pattern with a frequency. 
This design challenge should be overcome with properly 
designed power distribution (power divider) network [2]. 
Therefore, tunable power divider with positive and negative 
group delays will be beneficial in such case to minimize the 
beam-squinting problem in series-fed antenna arrays.   

In recent years, there has been an increasing amount of 
research on negative group delay (NGD) networks at 
microwave frequencies. In a medium of refractive index n (ω), 
the dispersion relation [3] can be written as (1) 

n
k

c


              (1) 

where ω, k, and c is angular frequency, wave number, and 
speed of light, respectively. The group velocity (vg) known as 
the speed of the envelope signal [3], can be given as shown in 
(2).  
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From (1) and (2), it is inferred that if the refractive index n 
and its derivative with respect to ω are negative (i.e. dn/dω<0), 
vg and consequently the group delay can become negative. 
This happens near absorption line or in media with a signal 
attenuation where ‘anomalous’ wave propagation effect can 
occur [3]. Typically, the NGD phenomena in RF circuits can 
be observed within the limited frequency band through signal 
attenuation (SA) condition. This NGD phenomena does not 
violate a causality, since the initial transient of the pulse is still 
positively delayed and propagates at speed not exceeding the 
speed of light in vacuum [4].   

Various approaches have been applied to designing two-
port active/passive microwave NGD circuits using RLC 
resonators [5]-[10]. To overcome the limited availability 
problem of lumped elements in radio and microwave 
frequencies, the distributed elements NGD circuits have also 
been presented in several works. The NGD circuits have been 
applied to various practical applications in communication 
systems, such as shortening or reducing delay lines, enhancing 
the efficiency of feedforward linear amplifiers, and enhancing 
bandwidth of feedback linear amplifiers [5]. Moreover, 
research onto the design of tunable power divider with the 
predefined PGD and NGD characteristics is lacking. Research 
that can demonstrate the possibility of a tunable power divider 
with these characteristics through different transmission paths 
would be promising.  

In this paper, tunable unequal power divider with high 
power division ratio and predefined NGD characteristics is 
presented. The proposed circuit provides tunable NGD 
characteristics between transmission path 3 and 1 whereas the 
fixed positive group delay (PGD) between transmission paths 2 
and 1. 

II. ANALYSIS AND DESIGN EQUATIONS  

Fig. 1 shows a block diagram of proposed tunable NGD 
power divider with PGD and NGD characteristics. It consists 
of 1:1 Wilkinson power divider (WPD) and tunable branch-line 
NGD circuit.  
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Fig. 1. Block diagram of proposed tunable negative group delay power divider. 
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Fig. 2. Proposed structure of tunable power divider with positive and negative 
group delays.  

The overall-circuit diagram of proposed circuit is shown in 
Fig. 2. The WPD consists of λ/4 transmission lines with 
characteristic impedance of √2Z0. Similarly, tunable NGD 
circuit consists of a branch-line where direct and coupled ports 
are terminated with variable resistors R.  

The S-parameters of the proposed structure at center 
frequency f = f0 can be found as (3) using modified even- and 
odd-modes [11]. 
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where Z0 is a port reference impedance. For the perfect 
isolation (S32 = 0 at f = f0) between output ports, the value of 
isolated resistor (Riso) can be found as (4). 

02isoR Z                         (4) 

 Furthermore, group delays (GDs) between transmission 
paths evaluated at f = f0 are given as (5). 
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Fig. 3. Calculated group delay and magnitude at center frequency of 2.14 for 
different value of R.  
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Fig. 4. Synthesized magnitude/group delay characteristics using ideal circuit 
parameters.  
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The power division ratio (k) is defined as (6).  
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For illustrative explanation of these equations, the S-
parameters and GDs between different transmission paths are 
shown in Fig. 3 for different values of R.  As seen from (3c) 
and (5b), the magnitude and GD between transmission path 3 
and 1 is purely controlled by resistor R. As R increases toward 
Z0, the GD and magnitude S31 are increased towards high value. 
Therefore, for NGD, the region of variable resistor R should be 
32.34 < R < 50 Ω. Similarly, the power division ratio k and 
NGD can be varied only by R. However, the magnitude and 
PGD between paths 2 and 1 is constant and independent of R as 
presented in (3b) and (5a). 
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Fig. 5. Synthesized results using ideal circuit parameters: (a) return 
loss/isolation characteristics, and (b) phase difference characteristics.   

 On the basis of design equations (3)-(6), the calculated 
responses of the proposed circuit are shown in Fig. 4 and 5 
with different values of R. As seen from Fig. 4, S-parameters 
and GD between transmission paths 3 and 1 are changed with 
different values of R. As value of R approaches to Z0, the 
values of S31 and GD are moved toward high value. However, 
the GD and transmission coefficient between transmission 
paths 2 and 1 remain almost constant value and PGD. The 
input/output return losses are perfectly matched at f0. Moreover, 
the isolation between output ports is infinite as shown Fig. 5. 

 In this work, the variable resistors are implemented with 
PIN diodes HSMP-4810 from Avago which functions as a 
current-controlled variable resistor at microwave frequencies. 
To compensate the parasitic components of the PIN diode such 
that their input impedance is purely resistive, the PIN diode is 
terminated in offset transmission line (TL) with electrical 
length of ϴ1 and characteristic impedance Z1 as shown in Fig. 6. 
The design equations are presented in [9]. 

Fig. 7 shows simulated reflection characteristics of TL 
terminated PIN diode. The characteristic impedance and 
electrical length of TL are given as 82 Ω and 72.2o at f0 = 2.14 
GHz. This result shows that the variable resistance of the TL 
terminated with a PIN diode is obtained with almost zero 
imaginary parts. 

 

Fig. 6. Parasitic compensated PIN diode with offset line and its equivalent 
circuit.  
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Fig. 7. Simulation results of parasitic compensated PIN diode for variable 
resistor at center frequency 2.14 GHz 
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Fig. 8. Simulated and measured group delay/magnitude between paths 2 and 1.  

III. SIMULATION AND MEASUREMENT RESULTS  

For experimental verification, we designed and fabricated 
the proposed tunable NGD power divider at f0 of 2.14 GHz. 
The circuit was fabricated on a Rogers RT/Duriod 5880 
substrate with a dielectric constant (εr) of 2.2 and a thickness 
(h) of 31 mils. The circuit was simulated and optimized using 
Ansys HFSS 2014 and Advanced Design System (ADS) 2013. 

The simulated and measured the magnitudes and GDs are 
shown in Fig. 8 and 9. The measured |S21| and τ21 between paths 
2 and 1 are remained almost constant at value of -2.96 dB and 
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Fig. 9. Simulated and measured group delay/magnitude between paths 3 and 1.  
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Fig. 10. Simulated and measured return losses and isolation characteristics.  

 
Fig. 11. Photograph of fabricated circuit.  

0.27 ns at 2.14 GHz, respectively. Similarly, the measured 
values of |S31| between paths 3 and 1 are varied from -20.90 dB 
to -25.45 dB with GDs variations of -0.2 ns to -1.04 ns at 2.14 
GHz. Therefore, the measured power division ratio is varied 
from 17.94 dB to 22.49 dB. The GD and power division ration 
can be varied further. However, NGD and magnitude band 
width will be decreased. Therefore, there is a trade-off between 
GD and bandwidth.  

From Fig. 10, the measured |S11|, |S22|, and |S33| are -24.73 dB, -
20.58 dB, and -20.62 dB, respectively. The return loss 
characteristics of fabricated circuit are slightly degraded as 
compared to ideal results because of junction capacitance of 
branch-line structures. The measured isolation (|S23|) at f0 is      
- 42.18 dB. A photograph of fabricated circuit is shown in Fig. 
11. 

IV. CONCLUSION  

In this paper, tunable power divider with high power 
division ratio and predefined negative group delay 
characteristics is proposed and fabricated. Both theoretical and 
experimental results have been presented for verification. The 
group delay and power division ratio were controlled by 
varying bias voltage of PIN diodes. In addition, the proposed 
power divider is promising for application as feed network in 
series fed antenna arrays for minimizing beam-squint.  
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