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Using the phase of S21 from 1(b), the expression of GD can 
be derived using (4) 
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The required value of zc with the specified flat GD can be 
found by solving (4) at f0 as (5).  
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From (5) and (6), zc has two unique solutions depending 
positive and negative signs. For positive real value of zc, the 
value of C should be (7). 
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where  is a positive factor that provides an extra degree of 
freedom to controls C and in-band GD ripple.   

Fig. 2 shows the calculated magnitude and GD responses of 
the proposed circuit with positive and negative signs in (5). As 
can be observed from Fig. 2(a), the solution of zc with a 
positive sign provides wide return loss characteristics with 
three poles, however, GD peaks occur at band edge 
frequencies. These in-band GD ripples can be minimized by 
obtaining a solution of zc with a negative sign as shown in Fig. 
2(b). However, only one pole occurs at f0 when GD is flat. In 
general, the negative sign is preferable for wideband flat GD 
response with minimum ripple. The responses of the proposed 
circuit can be compared with conventional Butterworth and 
Chebyshev filter responses for the same GD at f0 and return 
loss bandwidth specification. The GD of the proposed circuit 
is flatter and wider than the conventional filters.  

In addition, the in-band GD ripple of the proposed circuit is 
decreased and approached toward maximally flat 
characteristics as  increases. The in-band GD ripple ( ripple) 
can be calculated as (8) where max and f = f0 are maximum GD 
at band edge frequency and minimum GD at f0, respectively.  
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To investigate the effect of selecting , Fig. 3 shows 
calculated ripple with different z1. As seen from the figure, 
the ripple can be minimized by increasing . In general, 
higher  is preferable for minimum ripple. Fig. 4 (a) depicts 
the calculated the circuit parameters the with the specified 
GD. The practical realizable circuit parameters of coupled 
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Fig. 2 Calculated responses of the proposed filter: (a) positive sign in 
(6) and (b) negative sign in (5). 
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Fig. 3. Calculated in-band group delay ripple with different .  

lines can be obtained by appropriately selecting z1. 
Specifically, the higher z1 is preferable for high GD and 
practical realizable coupled line.  

Once zc, C, and z1 are determined for the specified GD and 
minimum ripple, the in-band flat GD fractional bandwidth ( ) 
can be approximately found by as (9).  
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where f1 and f2 are lower and upper cut-off frequencies (refer 
to Fig. 2) in between which the GD is equal to specified GD at 
f0.  
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Fig. 4. Calculated parameters of the proposed filter: (a) zc and C with 
a negative sign in (6) and  =0.9 and (b) flat group delay fractional 
bandwidth ( ). 
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Fig. 5. Simulated and measured results of the proposed group delay 
circuit.   

Fig. 4(b) depicts the computed  for various z1 and  
which is calculated from (4) and (9) using MATLAB. The 
value of  is decreased as GD increases, however,  is 
slightly higher with small .   

III. SIMULATION AND MEASUREMENT 
For experimental demonstration, the prototype circuit is 

designed and fabricated at f0 = 2 GHz with GD of 3.6 ns and 
ripple = 5.5%. The circuit parameters for the given 

specification are calculated as z1 = 2.12 , zc = 0.5835 , and 

C = -21.5482 dB. The renormalized circuit parameters of 
designed prototype are Z1 = 106 , Z0e = 31.7288 , and Z0o = 
26.8290 . The experimented and simulated GDs and S-
parameters are shown in Fig. 5 where measurement results 
well agreed with the simulations. The measured GD is 3.59 ns 
at f0 and the flat GD extends from 1.93 to 2.10 GHz with  = 
8.5%. Similarly, the measured S-parameters at f0 = 2 GHz are 
determined as |S21| = -0.97 dB, |S11| = -24.58 dB and |S22| = -
29.39 dB. 

IV. CONCLUSION 
In this paper, a design of group delay circuit with arbitrary 

defined wideband flat group delay response is demonstrated 
with analytical close-form design equations. The proposed 
topology shows an alternative way to realize the flat group 
delay response without requiring any cross-coupling with 
adjacent resonators or controlling sign of coupling. The 
proposed technique does not necessitate any transformation to 
obtain circuit parameters. The proposed circuit provides 
wideband flat group delay response and is significant to 
different RF/microwave circuits such as a wideband RF self-
interference cancellation circuit, RF amplifier linearization, 
and analog radio signal processing. 
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