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Use of Phase Delay Analysis for Evaluating Wideband
Circuits: An Alternative to Group Delay Analysis

Woorham Bae, Borivoje Nikolić, and Deog-Kyoon Jeong

Abstract— A phase delay analysis is proposed against pursuing a flat
group delay response for the design of wideband circuits. While it is
believed that a large group delay variation introduces a large data-
dependent jitter, this brief reconsiders the effectiveness of the group
delay analysis in the evaluation of wideband circuits. Because of its own
differentiating nature, the group delay provides a good insight on the
delay variation at a vicinity of a certain frequency. However, for certain
kind of wideband circuits, the group delay analysis cannot provide a
sufficient insight since much of useful information is lost or distorted
during the differentiating operation. In this brief, the effectiveness of the
phase delay analysis is investigated and comparison with a traditional
group delay analysis is presented with a theoretical approach and through
a few circuit examples.

Index Terms— Circuit evaluation, group delay, phase delay,
wideband circuit.

I. INTRODUCTION

Recently, the required bandwidth of wire line communications has
been increasing [1], and therefore a number of on-chip bandwidth
extension techniques have been proposed [2]–[10]. The importance
of evaluating timing distortion of a wideband circuit has also been
increasing in order to evaluate such bandwidth extension techniques,
because the timing accuracy is as important as the signal-to-noise
ratio [11], which is related to a magnitude response of a wideband
circuit. A group delay has been a widely used performance metric for
evaluating wideband amplifiers and buffers, because it is believed that
the group delay provides information on timing distortion caused by
a wideband circuit, which is hard to be intuitionally informed from a
magnitude response. It has also been believed that a flat group delay
response across the frequency range of interest assures the quality of
the wideband circuit [5], [6], [8], [10].

However, inherently, a phase delay analysis corresponds much
more with the classic theory on distortionless transmission [12],
compared to the group delay analysis. In this brief, we examine the
effectiveness of the group delay evaluation on a wideband circuit and
suggest a more precise alternative, a phase delay, by introducing a
theoretical approach and giving a few circuit examples.

The remainder of this brief is organized as follows. Section II
introduces the basic concepts on the phase delay and group delay
analyses, and describes theoretic drawbacks of the conventional group
delay analysis. Section III presents RLC circuit examples, which
support the theoretical examination given in Section II. In addition, a
practical design example using a T-coil peaking technique is provided
in Section IV. Finally, conclusions are provided in Section V.
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Fig. 1. Linear phase shifter.

II. BASIC CONCEPT

By definition, the group delay and the phase delay are given as

τg(ω) = −dϕ(ω)

dω
(1)

τp(ω) = −ϕ(ω)

ω
(2)

where ω is an angular frequency and ϕ(ω) is a phase response. It is
notable that the group delay is obtained by using a differentiation
operation. That is, if there is a nonzero “constant” term in ϕ(ω),
this information is lost after the differentiation. Before we decide
to discard some information, we must ensure that the information
is truly negligible. Let us assume an imaginary transfer function,
whose magnitude response is unity across all the frequency and phase
response is proportional to the frequency. It may be referred as a
linear phase shifter. The phase response of this phase shifter can be
expressed as

ϕ(ω) = −kω + C (3)

where k and C are the nonzero and arbitrary constants. Note that the
group delay of the linear phase shifter is k regardless of the frequency
being investigated. That is, this transfer function is perfect from the
conventional standpoint, because it has a flat magnitude and a flat
group delay across overall frequency range. When two combined
sinusoidal signals are applied to the input of the linear phase shifter
as shown in Fig. 1, however, two sinusoidal components experience a
different phase shift. It is noteworthy that there is no signal distortion
when the two signals experience the same delay in time. The output
of the phase shifter can then be rewritten as

Out(t) = sin

{
ω1

(
t + ϕ(ω1)

ω1

)}
+ sin

{
ω2

(
t + ϕ(ω2)

ω2

)}
. (4)

That is, the first and the second sinusoidal signals experience time
delays of −ϕ(ω1)/ω1 and −ϕ(ω2)/ω2, respectively, which is the
phase delay. In the case of a linear phase shifter, (4) becomes

Out(t) = sin

{
ω1

(
t − k + C

ω1

)}
+ sin

{
ω2

(
t − k + C

ω2

)}
. (5)

Because the time delays experienced by the sinusoid at ω1 and ω2 are
always different from each other, except when C = 0, the waveform
at the output deviates from that at the input, as shown in Fig. 2(a).
On the other hand, when C = 0, the output shows exactly the same
waveform as that of the input and is just delayed by k, as shown
in Fig. 2(b). From this observation, it is concluded that neglecting
the constant term, which usually happens during the calculation of a
group delay, results in a loss of necessary information.
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Fig. 2. Calculated waveforms of input and output of the linear phase
shifter when C is (a) nonzero (= −π /2) and (b) zero ( f1 = 100 MHz and
f2 = 200 MHz).

Fig. 3. Calculated waveforms of input and output of the third-order
polynomial phase shifter. (a) With the same phase delay. (b) With the same
group delay.

Even when C = 0, the flat group delay may fail to reflect a
waveform distortion in some cases. Let us assume a phase shifter,
whose phase response is given as a third-order polynomial as
follows:

ϕ(ω) = −k3ω
3 − k2ω2 − k1ω (6)

Fig. 4. (a) RC LPF and HPF implemented with the same R and C. (b) Gain,
group delay, and phase delay at 100 and 200 MHz.

Fig. 5. Simulated waveforms with the LPF and HPF in Fig. 4.

where k3, k2, and k1 are the arbitrary constants. Then, the phase
delay τp becomes

τp(ω) = −ϕ(ω)

ω
= k3ω2 + k2ω + k1 (7)

while the group delay is

τg(ω) = −dϕ(ω)

dω
= 3k3ω2 + 2k2ω + k1. (8)

With the coefficients of k3 = −5× 10−25/(12π2),
k2 = 5× 10−17/(2π), and k1 = 5× 10−9, the phase delays
at 100 and 200 MHz are made the same, whereas the same group
delays are obtained with a slightly different set of coefficients of
k3 = −5× 10−25/(36π2), k2 = 5× 10−17/(4π), and k1 = 5× 10−9.
The waveforms at the output of this polynomial phase shifter are
shown and compared to those at the input in Fig. 3. For the case
of the same phase delay, the output waveform exactly matches
with the input waveform despite the group delays differ by 5 ns,
as shown in Fig. 3(a). On the other hand, the output waveform
deviates from the input waveform even with the same group delay,
despite the difference between the phase delays is less than 1 ns.
In other words, the coefficient multiplication due to the presence
of a differentiation in group delay calculation causes not only
the loss of the constant term but also deformation of the original
phase information. Considering the Taylor’s theorem where all
n-times differentiable functions can be approximated by an nth-order
polynomial, it can be inferred that the failure of the group delay
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Fig. 6. (a) RLC circuit under testing. (b) Magnitude response of RLC circuit
with varied inductance.

Fig. 7. Simulated (a) group delay and (b) phase delay using the RLC circuit
with inductances of 100–500 nH.

analysis on this polynomial-based example may be extended to very
general cases.

III. APPLICATION ON RLC CIRCUITS

Because there is no such a linear system that exhibits a flat
magnitude response and a varying phase responses simultaneously,
the example case investigated in Section II may seem a bit unusual.
In this section, even more general examples using RLC circuits are
presented. First, let us consider an RC low-pass filter (LPF) and
an RC high-pass filter (HPF) implemented with the same R and C
values, as shown in Fig. 4(a). The transfer functions of these filters

Fig. 8. Simulated eye diagrams and peak-to-peak jitter at the output of the
RLC circuit with two inductance values. (a) L = 300 nH, BW = 212 MHz,
PD_var = 504 ps, and GD_var = 874 ps. (b) L = 400 nH, BW = 222 MHz,
PD_var = 505 ps, and GD_var = 950 ps.

Fig. 9. Summary of the simulation results with the RLC circuit. � GD and
� PD are the differences between the maximum and minimum values of the
data plotted in Fig. 7(a) and (b), respectively.

Fig. 10. Circuit diagram of a CML buffer with T-coil peaking preceded by
a bonding wire and an electrostatic discharge (ESD) model.

are expressed as

HLPF(ω) = 1

1 + jωRC
and HHPF(ω) = jωRC

1 + jωRC
. (9)

Then, the phase responses, phase delays, and group delays of the
filters are

ϕLPF(ω) = − arctan(ωRC) (10)

ϕHPF(ω) = π

2
− arctan(ωRC) (11)
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Fig. 11. Simulated (a) magnitude response, (b) group delay, and (c) phase delay using T-coil circuit in Fig. 10 with inductances of 0.2–1 nH.

Fig. 12. Simulated eye diagrams of the T-coil circuit optimized for (a) highest bandwidth, (b) minimum group delay variation, and (c) minimum phase delay
variation.

τp,LPF(ω) = arctan(ωRC)

ω
(12)

τp,HPF(ω) = arctan(ωRC)

ω
− π

2ω
(13)

τg,LPF(ω) = τg,HPF(ω) = RC

1 + (ωRC)2 . (14)

Note that the group delays of LPF and HPF are exactly the same.
In the case of R = 1 k � and C = 1 pF, gains, group delays, and
phase delays that 100- and 200-MHz sinusoidal signals experience
while passing through the filters are summarized in Fig. 4(b). The
phase delay variation between the frequencies is much larger in the
case of HPF; while the group delays are the same. Because the gain
variation between the frequencies is comparable in the LPF and HPF
cases, the group delay-based evaluation supposes that the degrees
of signal distortions after the combined sinusoidal signals passed the
filters are comparable. However, the simulation result in Fig. 5 shows
that the signal after HPF experiences a bit more signal distortion.
It is because, in fact, the HPF corresponds to the nonzero C case
in Section II, and therefore the group delay analysis fails to give a
correct expectation.

In the next example, a transient simulation with an RLC circuit and
a pseudorandom binary sequence (PRBS) are presented, in order to
mimic a practical bandwidth extension technique for a wideband data
sequence. While a true random data sequence has a power spectral
density (PSD) of

S( f ) = TB

(
sin(π f TB)

π f TB

)2
(15)

the PSD of an N-bit PRBS has only impulses at every 1/(2N −1)TB ,
where TB is a bit period, because the PRBS is repeated

periodically [13]. Therefore, the frequency of interest ranges from
1/{(2N −1)TB} to (2N −1)/{(2N −1)TB }, considering that there is no
spectral component at 1/TB . Note that the delay variation across the
signal components results in a data-dependent jitter (DDJ).

Fig. 6(a) shows an RLC circuit used in the test, which can be
regarded as a series-inductive peaking circuit. Depending on the
RLC values, the transfer function varies, and therefore most of the
parameters including 3-dB bandwidth, phase delay, and group delay
are also changed. In this simulation, the values of R and C are
fixed in order to control the variables, whereas the inductance is
swept from 100 to 500 nH. The simulated magnitude response of the
RLC circuit is shown in Fig. 6(b). The 3-dB bandwidth ranges from
176 to 225 MHz. The simulated group delay and phase delay of the
RLC are plotted in Fig. 7. Within the frequency range of interest for
the 800-Mb/s PRBS-7, the group delay varies from 854 to 1120 ps
as the inductance is increased from 100 to 500 nH, while that of the
phase delay is within a narrow range of 504–628 ps. Specifically, the
group delay variations are 874 and 950 ps, while exhibiting almost
the same 3-dB bandwidth of 212 and 222 MHz, for the inductance
of 300 and 400 nH, respectively. From the conventional view, where
a large group delay variation results in a large DDJ [6], the RLC
circuit with the inductance of 400 nH would exhibit a larger DDJ.
However, from the simulated eye diagrams using the PRBS-7 shown
in Fig. 8, there is no significant difference between DDJ of the two
cases. The simulation result rather coincides well with the phase delay
variations, which shows only a negligible difference between the two
cases. The simulation results from the RLC example are summarized
in Fig. 9. Definitely, the simulated deterministic jitter has a strong
correlation with the variation of phase delay, whereas the variation
of group delay exhibits a different tendency.
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IV. APPLICATION TO A PRACTICAL DESIGN EXAMPLE

Fig. 10 shows a circuit diagram of a current-mode logic (CML)
buffer with T-coil peaking preceded by a parasitic model including
a bonding wire and an ESD parasitic. A 100-� resistor is placed
for a differential termination, and a load capacitance of 100 fF is
assumed at the output of the CML buffer. In this design example,
we fixed all other parameters except for the inductance of T-coil
and assumed that the two inductances in the T-coil are the same for
simplicity. The simulated magnitude response, group delay, and phase
delay of the circuit example with respect to the inductance are shown
in Fig. 11. The simulation shows that the circuit exhibits the high
3-dB bandwidth, the minimum group delay variation, and the mini-
mum phase delay variation when the inductance L equals 1, 0.8, and
0.2 nH, respectively. The simulated eye diagrams and deterministic
jitters corresponding to the three optimized conditions are shown in
Fig. 12. In order to minimize the nonlinear effect of the nMOS
devices, a small swing of 20 mV is applied for the input 20-Gb/s
PRBS-7 [5]. The simulation shows that the selection of the minimum
phase delay variation leads to the best performance, and moreover
the value of the jitter coincides with the phase delay variation a bit
more.

Considering on the two circuit examples of RC filters and series
peaking provided in the previous section and the practical design
example provided in this section, it is highly suggested that the cred-
ibility of the group delay analysis that has been conventionally used in
evaluating a wideband signal should be reconsidered. Alternately, the
phase delay analysis, which gives a much more accurate evaluation,
should be adopted.

V. CONCLUSION

This brief suggests that the effectiveness of the group delay analy-
sis on evaluating a wideband circuit is questionable. From definition,
the group delay basically represents the phase deviation between
adjacent frequencies. Therefore, it has some inherent limitations in
reflecting all the information required for evaluating a wideband
circuit, even if it provides a partially correct estimate. Because of
the involvement of differentiation, the group delay makes a constant
term be disappeared and distorts the weight of each polynomial term.
On the other hand, the phase delay analysis gives an exact evaluation

both theoretically and practically. Along with the theoretical analysis,
this brief proves the advantages of the phase delay over the group
delay by suggesting proper circuit examples.
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