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An impulse response method is carried out to analyze waveguide’s information capacity within a coherent communication
system. Such capability is typically estimated according to group delay variations (seconds/bandwidth/distance) after carrier-
modulated data undergoes a dispersive medium. However, traditional group delay methods often ignore non-linear effects by
assuming input data stream only occupies narrow bandwidth such that a propagation constant can be linearized centered at
the carrier frequency. Such a constraint can be lifted with a proposed baseband equivalent impulse response method by using
frequency domain convolution and multiplication. Once the impulse response in frequency domain is secured, its time domain
counterpart can be calculated based on inverse Fourier transformation. Such analysis can fully reveal data pulse’s broadening
and gauge its inter-symbol interference by simply convolving input data with extracted impulse response, not limited to spe-
cific frequency range or type of waveguide.
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I . I N T R O D U C T I O N

A demand in increasing bandwidth has driven researchers to
explore waveguides as high-speed data communication chan-
nels [1–5]. Especially, a coherent optical fiber/waveguide com-
munication has shown tremendous potential in scaling
bandwidth because of its capabilities of in-phase/quadrature-
phase and multi-level signaling [6].

Waveguides are known to be dispersive or band-limited
because of non-linear propagation constant (b), and band-
width capacity is traditionally estimated through a group
delay (tg) variation [7]. Assuming a narrow input data band-
width (BW) is applied through a waveguide, a group delay and
pulse broadening coefficient (tp) at a target carrier frequency
(v0) is expressed as,

tg =
db
dv

∣∣∣∣
v=v0

(s/m), (1)

tp = BW × dtg

dv

∣∣∣∣
v=v0

= BW × d2b

d2v

∣∣∣∣
v=v0

(s/m), (2)

where v is an angular frequency. As indicated in (2), the larger
the bandwidth, the higher pulse broadening will be added to
an originally transmitted pulse over distance. From an input
baseband pulse point of view in time domain, a first-order

derivative of b simply delays, second-order derivative delays
and broadens; from third-order and beyond, it delays, broad-
ens, and distorts all together. As a communication bandwidth
enters regimes much greater than multi-tens of gigabits per
second (.10 Gb/s), a group delay variation method not
only violates a narrow bandwidth assumption, but it also
completely neglects a distortion and ISI effect.

In this paper, an impulse response analysis is introduced to
analyze baseband data behavior through waveguides under a
coherent communication system. The goal of this paper is
to provide a comprehensive understanding of waveguide
communication depending on the bandwidth of baseband
data, carrier frequency, phase mismatch, and propagation
mode through time domain simulations instead of group
delay estimation. According to Maxwell’s equations, an
input to output relationship of waveguide is categorized as a
linear time-invariant (LTI) system. In other words, if an
impulse response of waveguide is known, an output can be
calculated for any given input data pattern [8]. Accordingly,
the first step to design a high-speed communication system
is to typically determine the impulse response of a given
channel [9–11]. Although there have been attempts to charac-
terize impulse response of waveguides, they require either
direct measurements or again narrow bandwidth assumption
to linearize a propagation constant [12–15]. Instead, borrow-
ing concepts from communication theory, a frequency
domain convolution and multiplication method is applied
by taking both negative and positive frequency regions into
considerations. The proposed analysis achieves an exact
expression of baseband equivalent impulse response in
frequency domain and leads to a true impulse response in
time domain by way of an inverse Fourier transform. As
long as frequency-dependent attenuation (s) and propagation
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constant (b) is provided, the analysis can be applied to any
shape (rectangular, circular, elliptical) or any type (dielectric,
metallic) of waveguide in an arbitrary frequency range. A
dielectric-filled metallic circular waveguide and air-filled
metallic rectangular waveguide is presented as examples
since they offer s and b in closed-form equations.

I I . B A S E B A N D E Q U I V A L E N T
I M P U L S E R E S P O N S E

A coherent detection-based full system diagram is illustrated in
Fig. 1(a). By splitting a signal vector space, namely in-phase and
quadrature-phase, a coherent architecture can achieve an
enhanced bandwidth efficiency with modulation schemes
such as quadrature-phase shift keying and 16-quadrature amp-
litude shift keying [16, 17]. The system diagram in Fig. 1 con-
tains only an in-phase path, but a quadrature path could always
be applied when necessary.

In the diagram, time domain and frequency domain
symbols are written with lower case and upper case letters,
respectively. An input data x(t) modulates a carrier (v0) via
an up-converter and travels through a waveguide h(t). A
down-converter then de-modulates an incoming signal with
a receiver side local oscillator (LO). A fixed amount of extra
LO phase, which is directly calculated from a waveguide
channel delay at a carrier frequency, is added to a receiver
LO to synchronize a phase between transmitter and receiver.
A method of synchronization is beyond the discussion of
this paper, and they are assumed to be synchronized (a conse-
quence will be explained if not synchronized). In the last stage,
a low-pass filter (LPF) filters out the residue of 2v0 compo-
nent generated from the down-conversion process. An ultim-
ate goal is to capture the non-linear property of waveguide
propagation constant and translate into a baseband equivalent
impulse response i(t) or I(v) model as in Fig. 1(b). With an
impulse response defined, an output becomes,

Y(v) = X(v)I(v), (3)

y(t) = x(t) ∗ i(t), (4)

where ∗ operator indicates a convolution.

Based on the system block diagram, the process of fre-
quency domain computation is built in Fig. 2. After solving
boundary conditions of a given waveguide, a frequency
response (or commonly referred as a time-harmonic expres-
sion) of electromagnetic field propagating in z-direction can
be readily characterized as,

H+ v( ) = e−a(v)ze−jb(v)z (v . 0)
0 (v , 0)

{

H− v( ) = 0 (v . 0)
e−a(v)ze+jb(v)z (v , 0)

{

H(v) = H+(v) + H−(v), (5)

where z is the length of wave traveled [18]. H(v) splits into
(+) and (2) components to handle a conjugate symmetric
property of frequency response. An attenuation constant a

and propagation constant b is frequency-dependent, geometry-
dependent, waveguide-type-dependent, and mode-dependent.
To demonstrate this idea, an input spectrum X(v) and wave-
guide frequency response H(v) are configured arbitrarily in
Fig. 2. A key message in this figure is to include and calculate
a negative frequency spectral portion throughout the process.
To summarize the process at each node,

A : X(v), (6)

TX LO :
1
2
d(v+ v0) + d(v− v0)[ ], (7)

B :
1
2

X(v+ v0) + X(v− v0)[ ], (8)

C :
1
2

X(v+ v0)H−(v) + X(v− v0)H+(v)[ ], (9)

RX LO :
1
2

d(v+ v0)e+jb(v)z + d(v− v0)e−jb(v)z[ ]

= 1
2

d(v+ v0)e+jb(−v0)z + d(v− v0)e−jb(v0)z[ ]
, (10)

Fig. 1. (a) Coherent-based full transmitter and receiver system includes up-converter, down-converter, local oscillators, and low-pass filter. Two local oscillators
are assumed to be phase and frequency synchronized in the transmitter and receiver side. (b) The full system is replaced by a baseband equivalent waveguide
channel as an impulse response.

102 yanghyo kim et al.

https://doi.org/10.1017/S1759078717001210 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078717001210


D :
1
2

X(v+ v0)H−(v) + X(v− v0)H+(v)[ ]
{ }

∗ 1
2

d(v+ v0)e+jb(−v0)z + d(v− v0)e−jb(v0)z[ ]{ }
.

(11)

In (10), only a fixed phase portion is extracted from H(v) and
accumulated to a receiver LO for phase synchronization. Next,
(11) can be further expanded to,

1
4

X(v) H−(v− v0)e−jb(v0)z + H+(v+ v0)e+jb(−v0)z[ ]
+ 1

4
X(v+ 2v0)H−(v+ v0)e+jb(−v0)z

+ 1
4

X(v− 2v0)H+(v− v0)e−jb(v0)z. (12)

The first term in (12) discloses that a baseband spectrum is
multiplied by a sum of two frequency-shifted waveguide
channel responses. For the latter two terms, it is clear that
they are 2v0 components, and they make the system in (12)
linear time-variant. Thus, from a mathematical standpoint, an
LPF must fully reject the 2v0 residue in order for a baseband
equivalent frequency response to remain as an LTI system.
Practically speaking, the above statement is a reasonable
assumption, for instance, if a carrier frequency is 100 GHz, a
residue will appear at 200 GHz, which can be easily filtered
out even with a one-pole LPF. Therefore, an output spectrum

can be written as,

E : Y(v) = 1
4

X(v)F(v)

× H−(v− v0)e−jb(v0)z + H+(v+ v0)e+jb(−v0)z[ ]
.

(13)

A choice of LPF could greatly affect a baseband equivalent
impulse response. In order not to be dominated by a filter fre-
quency response, only a simple one-pole R and C filters with
tens of pico-seconds (ps) time constant will be used. Following
the definition of impulse response, x(t) ¼ d(t), which is
X(v) ¼ 1, can be inserted to (13), and finally a baseband equiva-
lent impulse response in frequency domain is derived as,

I(v) = Y(v)|X v( )=1

= 1
4

F(v) H−(v− v0)e−jb(v0)z + H+(v+ v0)e+jb(−v0)z[ ]
.

(14)

There are two important things to highlight. First, a baseband
equivalent impulse response in frequency domain consists of
positively shifted and negatively shifted H(v) around a carrier
frequency. Second, an impulse response depends on a carrier
frequency. For example, with a given geometry, dimension,
and length of waveguide, as a carrier frequency increases, a modu-
lated wave propagates closer to a transverse electromagnetic

Fig. 2. The process of frequency domain calculation is shown in alphabetical order that was listed in Fig. 1(a). Note from the property of LTI system that time
domain multiplication becomes frequency domain convolution, and time domain convolution becomes frequency domain multiplication.
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(TEM)-like mode, expecting less dispersion and distortion. So far,
a mathematical framework has been developed. In-depth analysis
with examples will deliver intuition in the following chapters.

I I I . D I E L E C T R I C - F I L L E D M E T A L L I C
C I R C U L A R W A V E G U I D E

Propagation properties of metallic circular waveguide are
well defined with closed-form equations [18]. Throughout the
study, a particular diameter, waveguide length, and frequency
range will be used instead of wavelength normalized parameters
because of a relation to a pulse behavior in time domain. In add-
ition, dimension and frequency are chosen in such a way that the
discussion fits well with a data rate of 10 Gb/s or higher using a
millimeter-wave/terahertz carrier. A specific dimension and
resulting characteristics for a given waveguide are summarized
in Fig. 3. For a dielectric material, common inexpensive poly-
mers (Teflon, polystyrene, polyethylene, etc) exhibit dielectric
constant of 2.1–2.6 range, and they show excellent loss tangent
of 0.0005–0.001 in millimeter wavelength range [19].

A) TE11 mode attenuation and propagation
constant
Instead of repeating the procedure of solving Maxwell’s equa-
tions, readily available attenuation and propagation constants
are brought from [18],

Wavenumber : k = v
���
me

√
, (15)

Cutoff wavenumber : kc11 =
p′11

r
, (16)

Propagation constant : b11 =
����������
k2 − k2

c11

√
, (17)

Conductive Atten. constant sc

= RS

rkhb
k2

c11 +
k2

p′211 − 1

( )
, (18)

Dielectric Atten. constant : sd = k2tand
2b

, (19)

Cutoff frequency : vc11 = kc11���
me

√ . (20)

where m is permeability, p′11 is constant (1.841) where trans-
verse electric (TE)11 mode satisfies boundary condition, r is

radius, RS is surface resistance of copper, h is wave impedance,
tand is loss tangent of dielectric material. An attenuation
constant is a sum of conductive and dielectric attenuation
constant. Using the parameters in Fig. 3 and a waveguide
channel response in (5), a phase and magnitude response of
a dielectric-filled metallic circular waveguide is plotted in
Figs 4(a) and 4(b). Notice how the phase is asymmetric and
magnitude is symmetric around DC. In a general complex
number domain, when a system or signal is a real number,
the Fourier transform of it becomes conjugate symmetric. A
waveguide in time domain is also a real number system,
which is exactly how the frequency domain phase and magni-
tude response appears in Fig. 4. Below cutoff frequency, a
propagation constant becomes imaginary and a wave decays
exponentially without propagation. Above cutoff frequency,
a circular waveguide acts as a low-pass system caused by
conductive and dielectric loss, but in a pass-band region.

B) Baseband equivalent impulse response
in frequency domain
As a reminder from (14), an impulse response in frequency
domain is a combination of two frequency response of
waveguide; one with positively shifted, the other with nega-
tively shifted around a carrier frequency. After applying the
frequency response in (5) to (14), each of the shifted fre-
quency responses over 1 meter distance and resulting base-
band equivalent impulse response can be derived as
following:

1
4

H−(v− v0)e−jb(v0) = 1
4

e−a(v−v0)e+jb(v−v0)e−jb(v0), (21)

1
4

H+(v+ v0)e+jb(−v0) = 1
4

e−a(v+v0)e−jb(v+v0)e+jb(−v0),

(22)

I(v) = 1
4

F(v) e−a(v+v0)e−jb(v+v0)e+jb(−v0)[
+e−a(v−v0)e+jb(v−v0)e−jb(v0)]. (23)

Strictly speaking, (23) is only defined over (2v0 + vc11 , v

, v0 2 vc11), which is a main bandwidth of interest. In the
following section, the impact of carrier frequency will be
studied, but for a concept demonstration at the moment,
the carrier frequency is deployed at 100 GHz. As shown in
Fig. 5, a down-conversion by a carrier frequency shifts the

Fig. 3. Cross-section of dielectric-filled metallic circular waveguide is shown
with its propagation parameters. Wave propagates along z-direction.

Fig. 4. (a) Circular waveguide’s propagation constant. (b) Circular
waveguide’s magnitude response. Notice how phase is asymmetric and
magnitude is symmetric around DC.
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frequency response of waveguide around (+) and (2)
100 GHz while preserving its original response. Then from
(23), a phase and magnitude response of baseband equiva-
lent impulse response in frequency domain is constructed
in Fig. 6. An interesting activity of magnitude response
can be found in Fig. 6(b): frequency notches.

Making a conclusion statement first, a major reason behind
notches comes from a non-linear propagation constant of
waveguide. To observe an effect of propagation constant
only and prove above statement, an amplitude contribution
of (23) is completely discarded as if a waveguide is lossless,
and the expression is re-written as,

I(v) = e−jb(v+v0)e+jb(−v0) + e+jb(v−v0)e−jb(v0). (24)

Then, the magnitude response of (24) is plotted in Fig. 6(b) exhi-
biting identical notch frequencies as in Fig. 6(a). Be aware that
the final phase response of baseband equivalent impulse response
is not a simple addition of two phases because the two exponen-
tial components e−jb(v−v0)ejb(v0) and e−jb(v+v0)e−jb(v0) are not
multiplied in frequency domain. After retrieving a phase of
(23), a modulus of 2p is taken and zoomed in at the first
notch frequency as in Fig. 6(c). Around the dotted circled area,
the rate of phase increment per unit frequency range decreases
around 4.7 GHz and increases back to a normal pace after
passing the notch frequency. This behavior can be clearly seen
by taking a difference of phase with respect to the difference in
frequency as in Fig. 6(d). The apparent discontinuities are
observed in each notch frequency in the magnitude response.

However, it may not seem obvious how the notch would
occur, because all frequency components above cutoff fre-
quency (54.5 GHz) propagate through a waveguide, and
they do not work in a way of destructive interference.
Focusing attention at the 4.76 GHz notch frequency, the base-
band 4.76 GHz component is a result of combining
104.76 GHz ( f2) and 95.34 GHz ( f1) signal components after
down-conversion as shown in Fig. 7(a). Now, two continuous
waves pass through a waveguide and experience attenuation
and phase delay at each frequency components f1 and f2. At
the input of down-converter, the combined signal from f1

and f2 is compared with a receiver LO signal in Fig. 7(b).
Comparing the phase relationship between two, they are
nearly 908 out of phase, which means a conversion gain for
4.76 GHz is very low, which also means majority of
in-phase signal is leaked into a quadrature side. After down-
conversion, the Fourier transform is taken and the power
level of 4.76 GHz component is plotted in Fig. 7(c). In Figs
7(d) and 7(e), a same process is performed using the 101
and 99 GHz components to check the power level of the
1 GHz baseband component. This time, the two signals are
almost in-phase, and the power level of the 1 GHz component
is at least 20 dB higher than the 4.76 GHz component.

As stated in (3), after having established the impulse response
of a waveguide, an output data spectrum can be calculated
instantly by multiplying input spectrum and impulse response
in frequency domain as shown in Fig. 8. For instance, imagine a
100 ps of single pulse that travels down to a waveguide with a
carrier frequency of 100 GHz. In frequency domain, it means a
sync function multiplies with an impulse response studied in
Fig. 6. Notice that the output spectrum contains notches at 4.76
and 7.67 GHz below 10 GHz (data null). For applications in
high-speed data communication through PCB or copper cable,
discontinuities such as connectors or via usually create notches
in frequency domain by a destructive interference mechanism
[20, 21]. However, for waveguides under coherent architecture,
a non-linear propagation constant, which is a complicated func-
tion of waveguide geometry, length, dielectric material, and
carrier frequency, generates notches in frequency domain after
down-conversion. Fortunately, the proposed analysis could pre-
cisely analyze a notch behavior without needing any estimating
method.

C) Time domain impulse response and
simulation
In Fig. 9(a), an impulse response of waveguide in time domain
is first calculated by taking an inverse Fourier transform of

Fig. 5. Propagation constant and magnitude response is shifted around carrier
frequency, 100 GHz. (a) Positively shifted propagation constant. (b) Positively
shifted magnitude response. (c) Negatively shifted propagation constant.
(d) Negatively shifted magnitude response.

Fig. 6. (a) Magnitude response of baseband equivalent impulse response.
Notice frequency notches. (b) Magnitude response of phase-only
contribution. Notch frequencies exactly match. (c) Modulus of 2p in (a) is
plotted. Phase discontinuity is observed around notch frequency. (d) Slope
of (a) is plotted to clearly see the phase discontinuity at each notch
frequency. The peaks match to the magnitude response.
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(23) in MATLAB software. Interestingly, a finite delay of
modulated wave through a waveguide is also reflected in the
baseband impulse response. As suggested in (4), an impulse
response in time domain is now convoluted with an input

pulse to generate an output pulse. Taking a closer look at
Fig. 9(c), when 100 GHz of carrier frequency is used, a 1 m
length of dielectric-filled metallic circular waveguide contri-
butes roughly 160 ps of pulse broadening as well as post-
cursor and pre-cursor residue. On the other hand, a group
delay variation method in (1) and (2) estimates 82 ps of
pulse broadening, which is half of what an impulse response
method has predicted. To illustrate a group delay variation
method briefly, a dispersion coefficient is calculated based
on the 10 GHz baseband equivalent bandwidth in Fig. 9(d).
The graph shows that a dispersion decreases as carrier fre-
quency increases. In Fig. 9(e), a dispersion from an impulse
response is compared with a group delay method with a
fixed carrier frequency of 100 GHz for both cases. As
expected, a group delay method increases a dispersion coeffi-
cient linearly. To be fair, for the case of impulse response, a
dispersion is measured while an attenuation constant of wave-
guide is kept at zero, because a group delay variation method
does not consider a dispersion effect from an amplitude
response variation at all. At a bandwidth of 10 GHz, the differ-
ence between the two increases by 90 ps, which is close to
100% of its original bandwidth. The above analysis verifies
how a group delay method is inappropriate for a wideband
data communication.

In order to prove the validity of the frequency domain
impulse response expression in (23), a time domain simula-
tion is conducted by stepping through each stage as in
Fig. 10(a). An up-converter multiplies input pulse and
carrier signal at node B, and the modulated signal under-
goes dispersion and distortion at node C. A down-
converter translates to a baseband with 2v0 residue at
node D, and an LPF filters out the 2v0 component at
node E. As a side note, one can decide to down-convert
at node C by way of an envelope detector but with a cost
of 400 ps pulse broadening penalty [22]. Comparing Figs
9(c) and 10(e), the two baseband output signals are
almost identical except the fact that there is a slight
residue of 2v0 component left in Fig. 10(e).

Another crucial advantage of the baseband equivalent
impulse response is the ability to simulate a random bit
sequence as an input and generate an eye diagram for a
given data rate as in Fig. 11. A single pulse informs on a
degree of dispersion or distortion, but a measure of inter-
symbol interference (ISI) requires a random bit pattern of
input. After all, a waveguide transfers lots of digital data
consisting of ones and zeros, and by the definition of
information conveying signal, they need to be a random
combination. Once an impulse response is created, a
sequence of randomly combined ones and zeros convolve
with an impulse response and produce an eye diagram.
For the given waveguide parameters in Fig. 3 and carrier
frequency of 100 GHz, it is obvious that 10 Gb/s of data
stream is not suitable without any equalization as shown
in Fig. 11(e).

In summary of sections B and C, the impulse response ana-
lysis in frequency domain precisely derives frequency notches
that limit waveguide’s bandwidth, and additionally, the
inverse Fourier transform leads to the time domain impulse
response which can study the behavior of wideband baseband
signal through waveguides. As discussed in Fig. 9, the discrep-
ancy in dispersion coefficient becomes noticeable as the base-
band bandwidth grows larger where narrow band assumption
starts falling apart.

Fig. 8. (a) Impulse response calculation in frequency domain. (b) A 100 ps
baseband pulse is generated at the input of waveguide. (c) After taking
Fourier transform, input spectrum is fed into the baseband equivalent
impulse response of waveguide, and the output spectrum of pulse is
generated instantly by multiplying two spectrums. Notice that the notches
heavily affect the output spectrum.

Fig. 7. (a) Two time domain frequency components are passed through
down-conversion by receiver LO. The diagram shows how baseband
component forms after down-conversion. (b) 95.24 GHz and 104.76 GHz
are generated, added, propagated through channel, and compared with a
receiver LO at the input of down-converter. (c) After down-conversion,
Fourier transform is taken to show the power level at 4.76 GHz. (d) Same
procedure is performed using the 101 and 99 GHz components. (e) Power
level is significantly higher (.20 dB) than 4.76 GHz case.
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D) Effect of phase mismatch
A non-linear propagation constant causes a bandwidth-limiting
effect for a high-speed communication system if a phase
between transmitter LO and receiver LO is not synchronized.
If a propagation constant is a linear function of frequency
within a bandwidth of interest, a phase mismatch would
reduce a conversion gain but not affect the bandwidth of base-
band data. A simple expression can be written based on this
assumption,

y(t) = x(t) cos(v0t) × cos(v0t + uM)

= x(t)
2

cos(uM) + cos(2v0t + uM)[ ], (25)

where uM is a phase mismatch factor in radian. After filtering
out 2v0 component, a constant value of cos (uM) is multiplied
to a baseband signal as an indication of reduced conversion
gain. However, the situation changes when a propagation con-
stant turns into non-linear. Going back to (23), a new expression
with a phase mismatch factor included is written as,

I(v) = 1
4

F(v)
[

e−a(v+v0)e−jb(v+v0)e+j(b(−v0)+uM)

+ e−a(v−v0)e+jb(v−v0)e−j(b(v0)+uM )
]
. (26)

It is difficult to grasp what may occur from (26), but an intui-
tive clue can be deduced from Fig. 7. Earlier, when a phase is
synchronized between transmitter and receiver, a notch
happens to appear at 4.76 GHz because a receiver LO
(100 GHz) and 104.76 + 95.24 GHz signal component is 908
out of phase. It means 104.76 + 95.24 GHz signal is no
longer 908 out of phase if a phase of receiver LO moves
because of a mismatch. Consequently, as an LO phase shifts,
notch frequencies also move, and this behavior repeats every
p cycle of uM. In Fig. 12, the above statement is summarized
with a magnitude response of impulse response by solving
(26). As a phase mismatch increases up to uM ¼ (4p/8), the
first notch frequency moves towards DC, reducing an effective
baseband equivalent bandwidth. At the same time, a magni-
tude of baseband portion also decreases because of the loss
of conversion gain, which is another undesirable side effect.

Fig. 9. (a) Time domain impulse response is calculated in MATLAB. (b) A 100 ps baseband pulse is generated. (c) Two are convoluted in time domain. A resulting
pulse width at the output is increased to 260 ps. (d) Dispersion coefficient with 10 GHz baseband equivalent bandwidth using group delay variation method.
(e) Dispersion comparison with group delay and impulse response method.
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Passing uM ¼ (4p/8), a notch frequency is pushed out to
6.03 GHz, but now, there is also notch at DC that works
as a high-pass filter for a baseband signal. Moving
forward, a notch frequency again moves towards DC, but
in-band ripple is reduced within 10 dB. An interesting
note here is that, with a proper amount of phase mismatch
such as in uM ¼ (7p/8), a baseband signal may take advan-
tage of a free equalization effect with a frequency peaking
behavior.

Concluding this section, the phase mismatch between
transmitter and receiver causes additional frequency
notches, which emphasizes the importance of carrier syn-
chronization. In addition, it is apparent that phase drift

over time will induce extra ISI because of time-varying fre-
quency notches.

E) Effect of carrier frequency
Increasing carrier frequency for a given waveguide improves
signal integrity because a wave propagates with TEM-like
mode. However, increasing carrier frequency also increases a
dielectric loss and the chance of inducing higher order
modes. Based on (23), an impulse response in frequency
domain at 120 and 150 GHz is plotted in Figs 13(a) and
13(b). With 150 GHz carrier frequency, a notch frequency is
pushed out to 10 GHz from 4.76 GHz compared with the
100 GHz case, but loss increases about 3 dB at the same
time. In other words, increasing carrier frequency trades a
baseband equivalent bandwidth with a signal-to-noise ratio.
An apparent improvement of notch frequency can be seen
as a carrier frequency increases in Fig. 13(c). For a random
sequence testing, an eye opening for 10 Gb/s data stream is
clearly visible with 150 GHz carrier frequency, whereas an
eye diagram was closed when a carrier frequency is 100 GHz.
The impulse response analysis allows us to figure out an
exact system requirement once target performance and geom-
etry conditions are known without building actual hardware.

F) Impact of multimode propagation
A given waveguide in Fig. 3 supports multiple mode of
propagation at 100 GHz, although it may not necessarily
excite all possible modes. Even if only one dominant mode
is excited at the input, while a wave travels down to a wave-
guide, a mode conversion may occur because of non-uniform
medium or bending curvature. In another case, depending on
how a waveguide is excited, a multimode may or may not
propagate [23]. It is not the interest of this paper to find out
how a multi-mode propagation may occur or how to prevent
such an event, but rather figure out how the multimode influ-
ences a baseband equivalent impulse response. For brevity, the
topic is confined to a two-mode (TE11 and TM01) propaga-
tion. To generate a transverse magnetic (TM)-01 mode, rela-
tions from (16) to (20) are re-utilized except p′11 is replaced
by p01, which is 2.405. As shown in Fig. 14, the second
mode begins at 71.2 GHz. According to a field orthogonality
theory [24, 25], a transfer function of waveguide and its
impulse response can be written as a linear superposition of
two transfer functions,

H(v) = C1H1(v) + C2H2(v), (27)

I(v) = C1I1(v) + C2I2(v), (28)

where H1(v) and I1(v) are dominant modes, H2(v) and
I2(v) are second modes, and C1 and C2 are constant coeffi-
cients for each mode. An expression for original waveguide
frequency response and its impulse response of H2(v) and
I2(v) is configured based on (5) and (23) with a and b

updated according to p01. Caution is required however. In
earlier development, a fixed amount of phase is added to a
receiver LO to synchronize a phase between transmitter
and receiver. The fixed amount of phase was calculated
using a dominant mode propagation constant, and the
same fixed phase will be employed for both the dominant
mode and the second mode, because a dominant mode is
always the preferred mode. That is,

Fig. 10. (a) Block diagram. (b) Modulated pulse with 100 GHz carrier
frequency. (c) Heavily dispersed modulated pulse after going through the
waveguide. (d) Down-converted baseband pulse with 2v0 residue.
(e) Baseband pulse after LPF.

Fig. 11. (a) Eye-diagram simulation. (b) 1 Gb/s eye diagram. (c) 4 Gb/s eye
diagram. (d) 6 Gb/s eye diagram. (e) 10 Gb/s eye diagram.
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I2(v) =
1
4

F(v)
[
e−a2(v+v0)e−jb2(v+v0)e+jb1(−v0)

+ e−a2(v−v0)e+jb2(v−v0)e−jb1(v0)],
(29)

where subscripts 1 and 2 mean dominant mode and second
mode. When C2 ¼ 0, only a dominant mode propagates,
and when C1 ¼ 0, only a second mode propagates. When
both are non-zero, both modes would propagate, but again,
calculating each coefficient itself under certain circumstance
is not the interest. It is assumed that the coefficients are
given (for instance, C1 ¼ 0.8 and C2 ¼ 0.2), and they are
inserted into (28) to see how impulse response responds.

With a given waveguide geometry and carrier frequency, it
is obvious to anticipate a multimode propagation increases a
multi-path effect and corrupts a signal integrity. A few combi-
nations of coefficients are chosen and corresponding impulse
responses in frequency domain are plotted in Fig. 15. As
described in Fig. 15(a), when only a second mode propagates,
the first notch in impulse response shows up at 1.7 GHz com-
pared with 4.76 GHz in a dominant mode case, an interpret-
ation of less baseband equivalent bandwidth. Once they
propagate together, an impulse response fluctuates even at
very low frequency as in Figs 15(b) and 15(c). However,
after a certain threshold ratio of coefficients, an impulse
response restores closer back to its original dominant mode
response in Fig. 15(d). To glimpse how badly it influences a
signal integrity, an eye-diagram test is performed at a fixed
data rate of 6 Gb/s. In Figs 16(a) and 16(b), an eye diagram
is almost completely closed, and it starts to open in
Fig. 16(c) with 0.5 of coefficient for each mode. As proven
in this study, a multimode propagation is highly undesirable
for a high-speed data communication. To suppress a higher
order mode propagation, one can reduce a radius of wave-
guide at a target carrier frequency, but it will reduce a band-
width capacity by pulling a notch frequency towards DC. By

Fig. 12. (a) Impulse response when uM ¼ (2p/8). (b) Impulse response when uM ¼ (3p/8). (c) Impulse response when uM ¼ (4p/8). (d) Impulse response when
uM ¼ (5p/8). (e) Impulse response when uM ¼ (6p/8). (f) Impulse response when uM ¼ (7p/8).

Fig. 13. (a) Frequency response with 120 GHz carrier frequency.
(b) Frequency response with 150 GHz carrier frequency. (c) Measure of first
notch frequency versus carrier frequency. (d) 10 Gb/s eye diagram with
150 GHz carrier frequency.

Fig. 14. (a) Phase response of TE11 and TM01 modes. (b) Magnitude
response of TE11 and TM01 modes.
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all means, however, it is better to suppress a multimode propa-
gation; if not, at least the amount of presence should be
limited as suggested in Figs 15(d) and 16(d).

I V . A I R - F I L L E D M E T A L
R E C T A N G U L A R W A V E G U I D E

An example of air-filled metal rectangular waveguide is
presented in this section to demonstrate how easily a
concept of impulse response applies to other types of

waveguide. Just as a circular waveguide case, a rectangular
waveguide parameter is summarized in Fig. 17 along with
a phase and magnitude response. A dimension is decided
to place a cutoff frequency at 55.5 GHz, which is close to
the circular waveguide case (54.5 GHz). This time, a dielec-
tric material is removed inside, so a loss factor primarily
depends on a conductive loss. To summarize a waveguide
property,

Cutoff wavenumber : kc10 =
p

a
, (30)

Fig. 16. Carrier frequency is 100 GHz and the data rate is 6 Gb/s. (a) Eye diagram with C1 ¼ 0 and C2 ¼ 1. (b) Eye diagram with C1 ¼ 0.2 and C2 ¼ 0.8. (c) Eye
diagram with C1 ¼ 0.5 and C2 ¼ 0.5. (d) Eye diagram with C1 ¼ 0.8 and C2 ¼ 0.2.

Fig. 15. Carrier frequency is 100 GHz. (a) Frequency response with C1 ¼ 0
and C2 ¼ 1. (b) Frequency response with C1 ¼ 0.2 and C2 ¼ 0.8. (c)
Frequency response with C1 ¼ 0.5 and C2 ¼ 0.5. (d) Frequency response
with C1 ¼ 0.8 and C2 ¼ 0.2.

Fig. 17. (a) Cross-section of air-filled metallic rectangular waveguide is shown
with its propagation parameters. Wave propagates along the z-direction. (b)
Phase response. (c) Magnitude response.
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Propagation constant : b10 =
����������
k2 − k2

c10

√
, (31)

Conductive Atten. constant : sc

= RS

a3bkhb
2bp2 + a3p3( ), (32)

Cutoff frequency : vc10 = 1
a

���
me

√ . (33)

Using relationships of (23), and (30) to (33) with a carrier fre-
quency of 100 GHz, a baseband equivalent impulse response
both in frequency domain and time domain is plotted in
Fig. 18. A similar time domain simulation is performed as
in Fig. 10, but in order to give a different perspective, each
time domain signal is represented in frequency domain spec-
trum in Fig. 19. A single pulse with 100 ps width signal is
up-converted using a 100 GHz carrier at node B, and it goes
through a waveguide at node C. Notice the effect of cutoff

to the modulated spectrum. After down-conversion, it gener-
ates both baseband and 2v0 spectral components, and an LPF
extracts a baseband only at node D.

V . C O N C L U S I O N

An impulse response method is introduced to analyze the
information capacity of waveguides for high-speed data com-
munication applications. Traditional group delay variation
methods can only predict pulse broadening effect when trans-
mitted data bandwidth is narrow. Consequently, it does not
fully reveal non-linear ISI effect corresponding to random
baseband data sequences.

Instead, our newly proposed approach is able to capture
complete non-linear behavior of baseband equivalent signal
propagation under coherent communication system for any
given waveguide geometry and carrier frequency, and produce
impulse responses in both time and frequency domains.

Eye diagrams are also finally constructed based on time
domain impulse response for a random baseband bit sequence
input, which is the most essential performance metric for
quantifying data communication speed and bit error rate.
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