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Abstract — This paper presents a design of arthiirary specified
wide flai group delay (GD) circuit without any cross-coupling
among non-adjacent resonators. The proposed siructure consists
of short-circuiied coupled lines albong with transmission lines
(TLs) at input and ouiput The additional TL provides an exira
degree of freedom to ohtain higher wideband flat GD without
fabrication difficulty in micrositip techmolbgy. The close-form
analytical design equations are derived to obtain arhitrary
widehand flat GD response. For experimental validation, a
prototype circuit was desiened and fabricated for GD of 3.6 ns at
the center frequency of 2 GHz.

Index Terms — Coupled line, self inderference cancellation,
widehand flat group delay.

[. INTRODUCTION

Wideband RF selffinterference cancellation iz highly
required for in-hand full duplex systems [1], where a precise
group delay (GD0, amplitude and phase matchings are ciitical,
In addition, widehand flat GD circuits also hawve watious
applications i modern BFAmicrowave  corarooandcation
systetns containing real-time analog radio-signal processing
(F-ASFY [2]. The flat GD response in linear phase filters can
be achieved by two approaches. The first approach is to use
external all-pass GD cirouit cascaded with filter, which
increases cirouit size and nsertion loss The second approach
15 to impose linear phase and angplitude requirement
characteristics for realizing flat GD responze in filters [3]-[7].
However, these conventional techmiques require more than
one dgral transmission path usng cross-coupling between
non-adjacert resorators or posting the transnission zero ona
nght-half plane by handling sgn of coss-coupling. In
addition, the athitrary flat GD response in bandpass filter 12
difficult to specify with these conventional techriques.

Thiz paper shows an altemnative very sitple way to realize
athitrary specified flat GO circuit. The proposed techrique
does not  tequite  aty  cross-coupling  among  adjacent
resorators or controlling sgn of cross-coupling or any kind of
transformation to obtain required circoit paramneters. In this
worle, closed-form aralytical design equations are dertved to
obtain citcuits parameters for atbitrary specified widetand fat
GD respoise.

I ANALYTICAL ANALYSIS

The schetratic of the proposed drout with widehand flat
GD response iz shown in Figo 1. The proposed structure
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Fig. 1 Proposed structure of wideband flat group delay ciromt and its
equivalent cireuits: (&) propossd stuctowre, (b)) even-raode and (o)
odd-rode eguivalent civenits

consists of A4 chort-circuited coupled line addition to
transtnission lines ( TLs). The chatacteristic impedance of TLs
and even- and odd-mode impedances of coupled lines are
norrralized with port impedance Zp and denoted as 21, Zoe, and
2w, tespectively, Udng the equivalent sub-circuts under even-
and odd-roode excitations [8] shown inFigs by and 10c), the
S-pararneters of the proposed circuit are derived as (1) where
A and F are the design center frequency and opemting
frequency, respectively.
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Likewase, z; and ' are characteristic inpedance and the
coupling  coefficient of short-circuited  coupled  line,

respectively, and these walues are expressed in terms of 2, and
Ze 28 (31,
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Using the phase of Sz from 1(b), the expression of GD can
be derived using (4)
1 d/S,,

2 df
The required value of z. with the specified flat GD can be
found by solving (4) at fy as (5).

4)

o= 2z, (5)
4
JI-C*| b+ |b* -
e
where
2
~ 4z 1, T|f=f&> -z; -1
= 3 (6)
z

1

From (5) and (6), z. has two unique solutions depending
positive and negative signs. For positive real value of z., the
value of C should be (7).

22 +o (7

2
4Zlf01'|f=f0 -z -1

where a 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 z. 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 z. with a negative sign as shown in Fig.
2(b). However, only one pole occurs at fo 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 fy 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 a increases. The in-band GD ripple (ATrippic)
can be calculated as (8) where tmax and 7= o are maximum GD
at band edge frequency and minimum GD at fj, respectively.

C(dB)=20log

2T —Tier
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To investigate the effect of selecting a, Fig. 3 shows
calculated Atrppie With different z;. As seen from the figure,
the Atippie can be minimized by increasing a. In general,
higher a is preferable for minimum Atyppe. 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 a.

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

Once z., C, and z; are determined for the specified GD and
minimum Atyippie, the in-band flat GD fractional bandwidth (A)
can be approximately found by as (9).

A =ﬂx100% ©)

0

where fi and f; are lower and upper cut-off frequencies (refer
to Fig. 2) in between which the GD is equal to specified GD at

fo.
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Fig. 4. Calculated parameters of the proposed filter: (a) zc and C with
a negative sign in (6) and o =0.9 and (b) flat group delay fractional
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Fig. 5. Simulated and measured results of the proposed group delay
circuit.

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

II1. SIMULATION AND MEASUREMENT

For experimental demonstration, the prototype circuit is
designed and fabricated at fo = 2 GHz with GD of 3.6 ns and
ATripple 5.5%. The circuit parameters for the given
specification are calculated as z; = 2.12 Q, z. = 0.5835 Q, and

C = -21.5482 dB. The renormalized circuit parameters of
designed prototype are Z; = 106 Q, Zy. = 31.7288 Q, and Zy, =
26.8290 Q. 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 fo and the flat GD extends from 1.93 to 2.10 GHz with A =
8.5%. Similarly, the measured S-parameters at fo = 2 GHz are
determined as |S21| = -0.97 dB, |S11| = -24.58 dB and |S2| = -
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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