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Abstract Impulse response of energy-efficient multiband

RF-interconnect (MRFI) is analyzed to quantify its infor-

mation capacity for transmitting digital data via various

types of physical wires. Our analyses in frequency domain

(also transferrable to time domain if needed) indicate that a

baseband-equivalent impulse response can be established

for MRFI under coherently communicated systems. We

can further express such response in an explicit form for

MRFI with low-pass transmission nature. It also reveals its

distinct capability in signal equalization as a result of its

RF-carrier down-conversion process. Furthermore, the

analysis offers a guidance of how to construct baseband-

equivalent impulse response when transmission lines con-

tain non-ideal effects such as frequency notches and in-

band ripples.
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Dispersion � Distortion � Eye-diagram � Equalization �
Frequency response � High-speed wireline data

communication � Impulse response � Radio frequency
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1 Introduction

Over the years, systems such as asymmetric digital sub-

scriber lines (ADSL) and very high-speed digital subscriber

lines (VHDSL) have proven the vital role of passband

signaling in wireline data communication area. Accord-

ingly, academia/industry has conducted numerous research

to study the performance of information carrying passband

signals through wires/cables [1–8]. As part of the contin-

uing evolution aimed at multi-gigabit per second (Gb/s)

wireline communication, a similar passband signaling, also

known as multiband RF-interconnect (MRFI), has been

proposed to transfer multiple baseband data simultaneously

by way of carrier-modulated RF channels [9–15]. As a

common approach, previous works have adopted an on–off

keying (OOK) modulation with self-mixing down-conver-

sion architecture for RF channels and demonstrated data

rate of multi-Gb/s through shared on-chip or off-chip

transmission lines. An OOK with self-mixing non-coherent

architecture benefits energy efficiency because a receiver

does not require additional synthesizer or carrier synchro-

nization [16, 17]. Unfortunately, the non-coherent system

lacks the ability to split signal space into in-phase (I) and

quadrature-phase (Q) domains for RF channels. In order to

maximize spectral efficiency, recent research has devel-

oped multi-level, multi-band, and IQ processing coherent

transceiver architecture, which is the main interest of this

paper [18–23].
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A generalized block diagram of coherent RFI system is

illustrated in Fig. 1. Note that the number of RF channels

and selection of carrier frequency are flexible, and multi-

level signaling can be applied to each data path by adding

digital-to-analog converter (DAC) in transmitter (TX) and

analog-to-digital converter (ADC) in receiver (RX).

Although previous research has suggested the potential

of deploying MRFI system in wireline data communication

platform, no theoretical background has been provided to

evaluate the information capacity of given transmission

line. Transmission lines are known to be dispersive or

band-limited mainly because conductive loss and dielectric

loss increase as frequency of operation increases. Typi-

cally, the frequency where loss is 3–6 dB offers a rough

estimate of how much data transmission line can convey.

This 3–6 dB estimation can change depending on system

requirements, but this paper assumes - 3 dB frequency as

the bandwidth of transmission line. More advanced meth-

ods include sending a short pulse and measuring pre/post

cursor, or one step further, evaluating an eye-diagram by

transmitting random bit sequences. The underlying

assumption to the methods above is that either a scattering

parameter or linear time-invariant (LTI) impulse response

of transmission line is readily available.

One of the major goals of this paper is to come up with

an exact expression of baseband-equivalent impulse

response in frequency domain when coherent MRFI

transceivers communicate through transmission lines that

support transverse electromagnetic (TEM) mode of

propagation. A baseband-equivalent impulse response fully

captures the physical characteristics of carrier frequency

dependent passband signals through physical channels and

translates as if the system functions in baseband domain.

Because of its baseband equivalency, direct frequency

response comparison between various carrier frequencies,

or comparison between baseband-only signaling versus

MRFI signaling, is possible for a given transmission line.

The proposed impulse response analysis will not consider

performance of electronics but focus only on physical

properties of transmission lines including loss, non-ideali-

ties, signal-to-noise (SNR) trade-off, and eye-diagram

characteristics.

2 Baseband-equivalent impulse response

One of the RF channels from Fig. 1 is emphasized with

annotations in Fig. 2(a). The system diagram in Fig. 2(a)

contains only an in-phase path, but a quadrature path could

always be added for the same analysis. Also, time domain

and frequency domain symbols are written with lower case

and upper case letters, respectively. An input data x(t)

modulates carrier (x0) via up-converter and travels through

a transmission line h(t). A down-converter then de-modu-

lates an incoming signal with receiver side local oscillator

(LO). A fixed amount of extra LO phase, which is directly

calculated from transmission line delay at the carrier fre-

quency, is added to receiver LO to synchronize phase
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Fig. 1 Generalized block diagram of coherent RFI system
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between transmitter and receiver. A method of synchro-

nization is beyond the discussion of this paper, and the

phase and frequency between transmitter and receiver are

assumed to be synchronized. In the last stage, a low-pass

filter (LPF) filters out the residue of 2x0 component gen-

erated from the down-conversion process. An ultimate

objective is to capture the non-linear property of trans-

mission line frequency response and translate to baseband-

equivalent impulse response i(t) or I(x) model in Fig. 2(b).

With an impulse response defined, an output becomes,

Y xð Þ ¼ X xð ÞI xð Þ ð1Þ
y tð Þ ¼ x tð Þ � i tð Þ ð2Þ

where � operator indicates a convolution.

Based on the system block diagram, the process of

frequency domain computation is built in Fig. 2(c). After

solving boundary conditions of a given transmission line, a

governing frequency response of electromagnetic field

propagating in z-direction can be readily evaluated as,
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Fig. 2 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

transmission line channel as an

impulse response. c The process
of frequency domain calculation

is shown in alphabetical order

that was listed in (a). Note from
the property of LTI system that

time domain multiplication

becomes frequency domain

convolution, and time domain

convolution becomes frequency

domain multiplication

Analog Integr Circ Sig Process

123



Hþ xð Þ ¼ e�a xð Þze�jb xð Þz ðx[ 0Þ
0 ðx\0Þ

�

H� xð Þ ¼ 0 ðx[ 0Þ
e�a xð Þzeþjb xð Þz ðx\0Þ

�

H xð Þ ¼ Hþ xð Þ þ H� xð Þ ð3Þ

where a is an attenuation constant, b is a propagation

constant, and z is length of transmission line [24]. H xð Þ
divides into (?) and (-) components to process a conju-

gate symmetric property of frequency response. Attenua-

tion constant a and propagation constant b are frequency-

dependent, geometry-dependent, and transmission-line-

type-dependent. To demonstrate the idea, an input spec-

trum X xð Þ and transmission line frequency response H xð Þ
are configured arbitrarily in Fig. 2(c). A key message in

this figure is to include and calculate the negative fre-

quency spectral portion throughout the procedure. To

summarize the process at each node,

A: X xð Þ ð4Þ

TX LO:
1

2
d xþ x0ð Þ þ d x� x0ð Þ½ � ð5Þ

B:
1

2
X xþ x0ð Þ þ X x� x0ð Þ½ � ð6Þ

C:
1

2
X xþ x0ð ÞH� xð Þ þ X x� x0ð ÞHþ xð Þ½ � ð7Þ

RX LO:
1

2
d xþ x0ð Þeþjb xð Þz þ d x� x0ð Þe�jb xð Þz
h i

¼ 1

2
d xþ x0ð Þeþjb �x0ð Þz þ d x� x0ð Þe�jb x0ð Þz
h i

ð8Þ

D:
1

2
X xþ x0ð ÞH� xð Þ þ X x� x0ð ÞHþ xð Þ½ �

� �

� 1

2
d xþ x0ð Þeþjb �x0ð Þz þ d x� x0ð Þe�jb x0ð Þz
h i� �

ð9Þ

In (8), only a fixed phase portion is extracted from H xð Þ
without the amplitude contribution and accumulated to a

receiver LO for phase synchronization. Next, (9) can be

further expanded to,

1

4
X xð Þ H� x� x0ð Þe�jb x0ð Þz þ Hþ xþ x0ð Þeþjb �x0ð Þz

h i

þ 1

4
X xþ 2x0ð ÞH� xþ x0ð Þeþjb �x0ð Þz

þ 1

4
X x� 2x0ð ÞHþ x� x0ð Þe�jb x0ð Þz

ð10Þ

The first term in (10) reveals that a baseband spectrum is

multiplied by the sum of two frequency shifted transmis-

sion line frequency responses. For the latter two terms, it is

clear that they are 2x0 components, and they make the

system in (10) linear time-variant (LTV). Thus, from a

mathematical standpoint, an LPF must fully reject the 2x0

residue in order for a baseband-equivalent frequency

response to remain as an LTI system. Practically speaking,

the above statement is a reasonable assumption (a conse-

quence of ignoring residue will be explained in the fol-

lowing section), because an LPF needs to be sharp enough

to reject inter-channel interference (ICI) between multiple

RF channels. Therefore, an output spectrum can be written

as,

E: Y xð Þ¼ 1

4
X xð ÞF xð Þ

� H� x�x0ð Þe�jb x0ð ÞzþHþ xþx0ð Þeþjb �x0ð Þz
h i

ð11Þ

As indicated above, a choice of LPF could greatly affect

a baseband-equivalent impulse response. Since the

expression of output spectrum is ready, following the

definition of impulse response, x tð Þ ¼ d tð Þ, which is

X xð Þ ¼ 1, can be inserted into (11), and finally a baseband-

equivalent impulse response in frequency domain is

derived as,

I xð Þ¼Y xð ÞjX xð Þ¼1

¼1

4
F xð Þ H� x�x0ð Þe�jb x0ð ÞzþHþ xþx0ð Þeþjb �x0ð Þz

h i

ð12Þ

There are two important things to highlight. First, a

baseband-equivalent impulse response in frequency

domain consists of positively shifted and negatively shifted

H xð Þ around a carrier frequency. Second, a baseband-

equivalent impulse response depends heavily on a carrier

frequency. So far, a mathematical framework has been

developed. In-depth analysis with examples will deliver

intuition in the following sections.

3 Microstrip line

Microstrip lines are an essential part of a high-speed data

communication system because of its capability of easy

fabrication and integration with other components.

Throughout the study, specific dimension, transmission line

length, and frequency range will be used because of rela-

tion to pulse behavior in time domain. Detailed parameters

and geometry of microstrip line are summarized in

Fig. 3(a). A common FR4 will be used as substrate mate-

rial. Note that the same analysis can be applied to any other

types of transmission lines such as stripline, co-planar

waveguide, twisted pairs, and coax cables, as long as a and

b can be provided by analytical calculation, software-aided

simulation, or measurement.
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3.1 Attenuation and propagation constant

Instead of repeating the procedure of solving boundary

conditions for Maxwell’s equations, readily available

attenuation and propagation constants of microstrip line are

brought from [24],

Free Space Wavenumber: k0 ¼ x
ffiffiffiffiffiffiffiffiffi
l0�0

p ð13Þ

Propagation Constant: b ¼ x
ffiffiffiffiffiffiffiffiffiffiffiffi
l0�0�r

p ð14Þ

Surface Resistivity: RS ¼
ffiffiffiffiffiffiffiffiffi
xl0
2r

r
ð15Þ

Effective Dielectric Constant:

ee ¼
�r þ 1

2
þ �r � 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

1þ 12D
W

s
ð16Þ

Conductive Atten: Constant: rc ¼
RS

Z0W
ð17Þ

Dielectric Atten: Constant: rd ¼
k0�r �e � 1ð Þtand
2

ffiffiffiffi
�e

p
�r � 1ð Þ ð18Þ

where l0 is permeability in air, lr is permeability in

medium, �0 is permittivity in air, �r is permittivity in

medium, r is conductivity of trace material, D is depth of

microstrip line, W is width of microstrip line, and tand is

loss tangent of medium. An attenuation constant is the sum

of conductive and dielectric attenuation constant. Using the

parameters in Fig. 3(a) and transmission line frequency

response in (3), phase and magnitude responses of a 10-in

microstrip line are plotted in Fig. 3(b, c). 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 transmission line in time

domain is also a real number system, which is why the

frequency domain phase and magnitude response appears

as conjugate symmetric.

3.2 Baseband-equivalent impulse response

in frequency domain

As a reminder from (12), an impulse response in frequency

domain is a combination of two frequency responses of

microstrip line: one positively shifted, and the other neg-

atively shifted, around a carrier frequency. After applying

the frequency response in (3) to (12), each of shifted fre-

quency response over 10-in length (z1) and resulting

baseband-equivalent impulse response are derived as,

1

4
H� x� x0ð Þe�jb x0ð Þ ¼ 1

4
e�a x�x0ð Þz1eþjb x�x0ð Þz1e�jb x0ð Þz1

ð19Þ
1

4
Hþ xþ x0ð Þeþjb �x0ð Þ ¼ 1

4
e�a xþx0ð Þz1e�jb xþx0ð Þz1eþjb �x0ð Þz1

ð20Þ

ɛr

x

y

z Trace Width W (μm)
Dielectric Depth D (μm)

296.9
200

Trace Material Copper

Dielectric Loss Tangent 0.02
Dielectric Constant 4.2

Microstrip Line Parameters

W

D
GND

Dielectric Material FR4

|H(ω)| H(ω)

Linear Scale

(a)

(b) (c)

Fig. 3 a Cross-section of

microstrip line is shown with its

parameters. Wave propagates

along z-direction. b Magnitude

response of 10-in microstrip line

in linear scale. c Phase response
of microstrip line
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I xð Þ ¼ 1

4
F xð Þ e�a xþx0ð Þz1e�jb xþx0ð Þz1eþjb �x0ð Þz1

h

þe�a x�x0ð Þz1eþjb x�x0ð Þz1e�jb x0ð Þz1
i ð21Þ

In order to de-embed the effect of LPF, another impulse

response expression B xð Þ without LPF is also written as,

B xð Þ ¼ 1

4

�
e�a xþx0ð Þz1e�jb xþx0ð Þz1eþjb �x0ð Þz1

þ e�a x�x0ð Þz1eþjb x�x0ð Þz1e�jb x0ð Þz1
� ð22Þ

In the following section, the impact of carrier frequency

will be studied in conjunction with the length of trans-

mission line, but for a concept demonstration at the

moment, the carrier frequency is deployed at 6 GHz. As

shown in Fig. 4(a), a down-conversion by a carrier fre-

quency shifts the frequency response of transmission line

around (?) and (-) 6 GHz while preserving its original

response. Then, from (22), the magnitude response of B xð Þ
is constructed in Fig. 4(b). Interestingly, a frequency

peaking at 6 GHz is observable as if the impulse response

works as a linear equalizer. Indeed without even solving

(22), the peaking behavior can be deduced from Fig. 4(a).

Again, a baseband-equivalent impulse response is the sum

of two frequency responses (not multiplication), which

means the positively shifted frequency response domi-

nantly rises after DC. In Fig. 4(c), frequency response of

3rd order Bessel filter is plotted to implement a linear in-

band group delay LPF [19]. The cutoff frequency of LPF in

this figure is 8 GHz, but it needs to be adjusted depending

on bandwidth of RF channel and ICI.

Using (21), the final magnitude of impulse response

I xð Þ is plotted in Fig. 4(d). First of all, the - 3 dB band-

width of I xð Þ is increased to 6.5 GHz from the original

channel bandwidth of 1.8 GHz. Second, DC gain is

reduced to - 7.4 dB in exchange of bandwidth, which is

|H(ω-ω0)||H(ω+ω0)| 6GHz

6GHz-6GHz

|H(ω)|

|B(ω)|

|B(ω)|

|F(ω)| 6GHz |H(ω)|
-3dB

1.8GHz

|I(ω)|

|H(ω)| |H(ω)|

|I(ω)| |I(ω)|

LPF BW:4GHZ LPF BW:12GHZ

Linear Scale

6GHz

(a) (b)

(c) (d)

(e) (f)

Fig. 4 a Positively and

negatively shifted magnitude

response. b Frequency response

H xð Þ of 10-in microstrip line

and its baseband-equivalent

impulse response B xð Þ, one
without LPF, in log scale when

carrier frequency is 6 GHz. c
Bessel 3rd order LPF frequency

response and magnitude

response of B xð Þ. d Final

magnitude response of I xð Þ is
plotted with LPF bandwidth of

8 GHz and compared to

magnitude response of H xð Þ.
e Impulse response when LPF

bandwidth is 4 GHz. f Impulse

response when LPF bandwidth

is 12 GHz
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exactly how pre-emphasis is performed. Third, one can

also expect that an LPF would eventually determine the

bandwidth of impulse response I xð Þ as cutoff frequency of

F xð Þ goes below the carrier frequency as shown in

Fig. 4(e, f). Lastly, one should keep in mind that a base-

band data bandwidth of RF channel cannot be larger than

carrier frequency. For instance in Fig. 4(d), the - 3 dB

bandwidth is higher than 6 GHz, which is the carrier fre-

quency, but it does not mean that an input data rate can be

as high as 6 Gb/s bandwidth. Based on the arguments

above, higher carrier frequency can achieve higher band-

width, but at the same time, it loses signal-to-noise ratio

(SNR) depending on the length of microstrip line.

As stated in (1), after having established the impulse

response of transmission line, an output spectrum can be

calculated instantly by multiplying input spectrum and

impulse response in frequency domain, as shown in Fig. 5.

For instance, imagine 250 ps of single pulse, which is up-

converted by carrier frequency of 6 GHz, travels down to a

10-in microstrip line, and gets down-converted by receiver

LO of 6 GHz. In frequency domain, it means a sync

function is multiplied by the impulse response calculated in

Fig. 4(d). Notice the output spectrum rolls off quickly after

6 GHz influenced by the impulse response bandwidth of

6 GHz. Based on the development in (21), this efficient

multiplication process in frequency domain can be applied

to any carrier frequency or length of microstrip line.

3.3 Time domain impulse response and simulation

In Fig. 6(a), the impulse response of microstrip line in time

domain is first calculated by taking an inverse Fourier

transform of (21) in MATLAB software. Interestingly, a

finite delay of modulated wave through a microstrip line is

also reflected in the baseband-equivalent impulse response

while the causality condition is kept for the impulse

response operable. As suggested in (2), impulse response in

time domain is now convoluted with an input pulse to

generate an output pulse shown in Fig. 6(c).

In order to prove the validity of frequency domain

impulse response expression in (21), a time domain simu-

lation is conducted by stepping through each stage in

Fig. 7(a). An up-converter multiplies 250 ps input pulse

and 6 GHz carrier signal at node B, and the modulated

signal undergoes microstrip line at node C. A down-con-

verter translates to a baseband with 2x0 residue remained

at node D, and a 3rd Bessel filter with 8 GHz cutoff fre-

quency filters out the 2x0 component at node E. Com-

paring the output pulse in Fig. 6(c) and the output pulse

from time domain simulation in Fig. 7(e), two baseband

output signals are almost identical except the fact that there

is a slight residue of 2x0 component left. Therefore, one

can expect that the discrepancy would decrease as the

cutoff frequency of LPF decreases.

Another crucial advantage of the baseband-equivalent

impulse response in time domain is a capability to simulate

random bit sequences as input and generate an eye-dia-

gram. A single pulse informs on a degree of dispersion or

distortion, but the measure of inter-symbol interference

(ISI) requires a random bit pattern. Once impulse response

is created, a sequence of randomly combined ones and

zeros convolve with the impulse response and produce an

eye-diagram by overlapping the output data pattern every

bit period. For the given microstrip line in Fig. 3(a) and

carrier frequency of 6 GHz, it is clear that 5 Gb/s of data

stream is feasible without any equalization, as shown in

Fig. 8(b). Provided SNR is high enough, 4 pulse amplitude

modulation (4PAM) can double the bandwidth as shown in

Baseband Equivalent Impulse Response
I(ω)

t

250ps X(ω) Y(ω)

(a) (b)

Fig. 5 a A 250(ps) baseband pulse is generated at the input of microstrip line. b After taking Fourier transform, input spectrum is fed into the

baseband-equivalent impulse response of microstrip line, and the output spectrum of pulse is generated instantly by multiplying two spectrums
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Fig. 8(c, d). Additionally, considering I and Q complex

signaling at 6 GHz carrier frequency, which is equivalent

to 16 quadrature amplitude modulation (QAM), an aggre-

gate data rate can reach up to 20 Gb/s.

3.4 Effect of carrier frequency

When microstrip line parameters are fixed, conductive and

dielectric loss increase as carrier frequency increases. As

indicated in the frequency domain study, there is a direct

trade-off between achievable bandwidth and system SNR.

In Fig. 9(a), an effective baseband bandwidth is increased

to 10 GHz with 10 GHz of carrier frequency, but the loss

magnitude is also increased to 11.2 dB. In time domain,

eye-diagrams of 9 Gb/s random sequence in Fig. 9(b) and

18 Gb/s of 4PAM random sequence in Fig. 9(d) prove the

available bandwidth when the carrier frequency is 10 GHz.

According to this simulation, a system power budget has

to be considered when choosing carrier frequency, as

illustrated in Fig. 10. In the diagram, a receiver sensitivity

RXS is calculated as

RXS dBmð Þ ¼ � 174þ 10 log BWð Þ þ NF þ SNRMIN

ð23Þ

where BW is a target data bandwidth, NF is a receiver

noise figure, and SNRMIN is the minimum SNR required to

achieve bit error rate of less than 10-12 for different types

of modulation scheme [25]. In order for a system to be

functional under target BER, the power level after loss

factor (Lx0
) at particular carrier frequency has to be always

larger than RXS with enough SNR margin.

Up till now, it is assumed that the frequency response of

microstrip line has no discontinuity. The above study

suggests the following. First, it makes no sense to increase

carrier frequency indefinitely; it is preferable to increase

within the system power budget to maximize available

baseband-equivalent bandwidth. Second, for a system

architecture perspective under this transmission line con-

dition, as long as SNR is allowed at the highest possible

carrier frequency, it is more spectrally efficient to utilize

only one carrier frequency instead of multiple RF carriers.

This concept is depicted in Fig. 11. For instance, one could

decide to generate 5 GHz (x1) and 10 GHz (x2) carrier

frequency. However, because of ICI, each carrier may only

carry a maximum bandwidth of 2.5 Gb/s data, total of

5 Gb/s, which is already 4 Gb/s short of what single

10 GHz carrier can offer. Therefore, it is more spectrally

efficient to serialize data in baseband domain instead of

frequency domain when a frequency response of microstrip

line has no non-ideal factors such as frequency notches or

ripples.

Baseband Equivalent Impulse Response
i(t)

250ps

x(t) y(t)

250ps

i(t)

(a)

(b) (c)

Fig. 6 a Time domain impulse

response is calculated on

MATLAB from (23). b A

250(ps) baseband pulse is

generated. c Two are

convoluted in time domain. A

resulting output pulse generated
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3.5 Microstrip line length and baseband-only

signaling bandwidth consideration

Increasing communication distance will limit the band-

width of microstrip line. The longer the channel, the

smaller the bandwidth. As shown in Fig. 12(a), the loss

increases as distance increases and the rate of increment in

loss also increases as frequency increases because of

exponential dependency in frequency response.

Using (3) and expressions from (13) to (18), frequency

responses of 2, 6, 10-in microstrip line are plotted in

Fig. 12(b), and the bandwidth of each length is estimated

at - 3 dB loss frequency. From the baseband-only sig-

naling point of view, the frequency response in (3) is

already impulse response in frequency domain. Thus, just

as in Figs. 6(a) and 8, an inverse Fourier transform is

taken from (3) first, and then random sequences are

convolved with the generated impulse response in time

domain to create eye-diagrams. For the case of a 2-in

microstrip line, the 3 dB bandwidth reaches 14 GHz, and

the channel is capable of sending 14 Gb/s of random

sequence without any help of equalization. Therefore, in

this case, there is no reason to produce a carrier frequency

below 14 GHz. The same principle applies to longer

channels. For 6- and 10-in case, baseband-only signaling

is able to transfer 3.7 and 1.8 Gb/s, respectively. In

Fig. 12(f), the eye-diagram is almost closed when 18 Gb/s

of baseband-only signaling is passed through a 10-in

microstrip line, while the IQ based RFI system with

carrier frequency at 10 GHz can successfully transfer

18 Gb/s of data as studied in Fig. 9(b).

In order to achieve wide-open eye-diagrams, one can

choose either equalization scheme based on baseband-only

signaling or RFI scheme. Many equalization schemes have

been proposed and are being widely exploited in industry

and academia for high-speed data communication appli-

cations [26–29]. It is not the interest of this paper to

compare the two system architectures nor determine at

what point equalization is required, because the figure of

merit, which is energy spent per achieved data bandwidth,

heavily depends on device technology scaling, type of

equalization, length of transmission line (loss at target

bandwidth), SNR, discontinuity condition, system bound-

ary where power consumption of components are counted

LO

Input
x(t)/X(ω)

A B C D Output
y(t)/Y(ω)

Up-Converter Down-Converter
Low-pass Filter

f(t)/F(ω)
EMicrostrip

h(t)/H(ω)

LO

250ps

(a)

(b) (c)

(d) (e)

Fig. 7 a Block diagram. b
Modulated pulse with 6 GHz

carrier frequency. c Carrier

modulated signal after

transmission line. d Down-

converted baseband pulse with

2x0 residue. e Baseband pulse

after LPF and comparison to

pulse output calculated by

impulse response
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Baseband Equivalent Impulse Response
i(t): 10-inch Microstrip Line with 6GHz Carrier

4Gb/s 5Gb/s

Random 
Sequence Eyediagram

4PAM, 8Gb/s 4PAM, 10Gb/s

(a) (b)

(c) (d)

Fig. 8 a 4 Gb/s eye-diagram.

b 5 Gb/s eye-diagram. c 4PAM,

8 Gb/s eye-diagram. d 4PAM,

10 Gb/s eye-diagram

3GHz
6GHz

10GHz-4.3
-7.4

-11.2

9Gb/s @10GHz
|I(ω)|

10Gb/s @6GHz 18Gb/s @10GHz

(a) (b)

(c) (d)

Fig. 9 a Impulse response with

various carrier frequency.

b 9 Gb/s of eye-diagram when

carrier frequency is 10 GHz.

c 4PAM, 10 Gb/s eye-diagram

when carrier frequency is

6 GHz. d 4PAM, 18 Gb/s eye-

diagram when carrier frequency

is 10 GHz
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in energy calculation, and more. Rather, the above studies

prove that 1.8 Gb/s of baseband signaling and possibly

16 Gb/s (because of ICI) of I and Q signaling at 10 GHz

carrier frequency can be simultaneously transferred

through a 10 in microstrip line without any aid of equal-

ization scheme.

Based on this observation, two possible scenarios are

drawn in Fig. 13 where MRFI can be deployed spectrally

efficient. The first case is that, when the frequency response

of channel rolls off, the data bandwidth of baseband sig-

naling is limited at - 3 dB loss frequency, and on the top,

an RF channel is inserted based on the power budget cal-

culation. The second case assumes a channel exhibits much

wider bandwidth than device technology can achieve

(which would not occur very often). In other words, the

bandwidth is limited by the bandwidth of device or

particular circuit topology (e.g. - 3 dB bandwidth of

amplifier) itself. In this case, depending on the bandwidth

of transmission line and bandwidth of RF channel, multiple

RF carriers can be also deployed.

4 Frequency response with non-idealities

A baseband-equivalent impulse response of transmission

line with non-idealities is studied in this section. As drawn

with diagrams in Fig. 14(a) and measured frequency

response of low-cost channel in Fig. 14(b), integrating

transmission lines with circuit components requires con-

nectors, vias, and wire-bonds that can create non-ideal

effects such as destructive interference or impedance mis-

match [30]. In typical situations, they limit the bandwidth

of channel more definitively than conductive and dielectric

loss. To study such effects, emulation and extraction of

non-ideal characteristic is performed with the aid of HFSS

(High-Frequency Structural Simulator) software.

4.1 Baseband-equivalent impulse response

of frequency response with non-idealities

Although the proposed method is equally valid for mea-

sured frequency responses, simulation based calculations

will be introduced because of flexibility in choosing

parameters of transmission line. In order to emulate non-

ideal channel conditions, particularly notches and ripples, a

10-in microstrip line [same parameters as Fig. 3(a)] is

designed in HFSS with an intentional open-stub and

intentional impedance mismatch at the input and output as

shown in Fig. 14(c). Though not exactly same as the

measured frequency response in Fig. 14(b), a similar

Power Budget

-174
Target Bandwidth (BW)

Noise Figure (NF)

Min. SNR for Target modula�on
(BER 10-12)

POUT

Power (dBm)

Loss at Carrier Frequency (L)
POUT-Lω0

SNR Margin

Thermal Noise
-174dBm/Hz

In-band Noise

Noise Floor

Min. Detec�on
Signal

Received
Signal

TX
Output Power

-174+10log(BW)

-174+10log(BW)+NF

-174+10log(BW)+NF+SNRMIN

|H(ω)|

ω0 ω
Lω0

Carrier

Fig. 10 System power budget

calculation

RF1

ω0

ω0

|I(ω)|

RF2

ω1 ω2

ω0 ω2

RF2

1

2

Impulse Response 
Bandwidth

ICI Limited

Full Bandwidth

|X(ω)|

|X(ω)|

Fig. 11 Two RF channel versus one RF channel comparison when

frequency response of transmission line has no discontinuity. The two

RF channel case has bandwidth limitation based on ICI, but the one

RF channel case can fully utilize the available bandwidth of

baseband-equivalent impulse response
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|H(ω)|

3GHz
14G

2"
6GHz

10GHz
6"

10"

-3dB

3.7G

1.8G

14Gb/s
@2inch

3.7Gb/s
@6inch

1.8Gb/s
@10inch

18Gb/s
@10inch

(a) (b)

(c) (d)

(e) (f)

Fig. 12 a Loss versus distance

at various frequency.

b Frequency response of

microstrip line with various

length. The bandwidth of each

length is estimated at - 3 dB

loss frequency. c 14 Gb/s

baseband-only signaling over

2 in microstrip line. d 3.7 Gb/s

baseband-only signaling over

6 in microstrip line. e 1.8 Gb/s

baseband-only signaling over

10 in microstrip line. f 18 Gb/s

baseband-only signaling over

10 in microstrip line

RF1BB

ω

ω0

0

ω0

|H(ω)|

-3dB

ω-3dB

SNR 
Limited

RF1BB

ω

ω0

0

ω0

|H(ω)|

ωBB

|X(ω)| |X(ω)|
(a) (b)

Fig. 13 Two possible cases of employing MRFI. a Bandwidth of

baseband signaling is limited at 3 dB loss frequency, then carrier

modulated RF channel is generated at the maximum possible

frequency where SNR is limited. b If channel bandwidth is so wide,

there is possible case when baseband electronics itself may cause

bandwidth limitation depending on device technology. The baseband

bandwidth is limited at this frequency and RF channel is employed

additionally
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frequency response is created from HFSS simulation in

Fig. 14(d). The location of notch frequency is adjusted by

the length of open-stub, and the amount of ripple is con-

trolled by the impedance mismatch between input/output

port (ZP) and characteristic impedance (Z0). In this simu-

lation, notches are created at 4 and 12 GHz, and conse-

quently, 6 GHz of 3 dB bandwidth is observed centered

around 8 GHz.

In order to come up with a baseband-equivalent impulse

response of transmission line with non-idealities, attenua-

tion constant and propagation constant are first calculated

from the HFSS simulation by following method. From the

definition of electromagnetic wave propagation in (3), each

of magnitude and phase contribution can be written sepa-

rately as,

e�a xð Þz1 ¼ M ð24Þ

e�jb xð Þz1 ¼ P ð25Þ

a xð Þz1 ¼ � log Mð Þ
log eð Þ ð26Þ

b xð Þz1 ¼ �P ð27Þ

where M is the simulated magnitude in linear scale, and P

is the simulated phase both extracted from HFSS. Then,

using (26) and (27), the attenuation constant and propa-

gation constant of 10-in microstrip line with non-idealities

are plotted in Fig. 14(e, f). Notice that discontinuities can

be found in the propagation constant around notch fre-

quencies, which have profound effects after down-con-

version for coherent systems (explained shortly).

Next, to utilize the maximum RF bandwidth for this

non-ideal transmission line, a carrier frequency of 8 GHz is

selected and its corresponding shifted frequency responses

are plotted in Fig. 15(a). In this figure, the calculated

attenuation and propagation constants in Fig. 14(e, f) are

inserted into (19) and (20). Then using (22), a baseband-

equivalent impulse response without the effect of LPF is

plotted in Fig. 15(b). Also, the final baseband-equivalent

Microstrip Line (Z0

Open-Stub

10-inch

IN
ZP

OUT
ZP

Non-Idealities Emulating Model (Top View)

FR4

Extract Magnitude (M) & Phase (P)

HFSS Simulation

(e)

Discontinuity

(c) (d)

6GHz

3dB

4GHz 12GHz

8GHz

Multi-Drop Bus

Low-Cost Channel

(a)

Simulate in HFSS

(b)

(f)

Calculate α and β

Frequency (GHz)

M
ag

ni
tu

de
 (d

B
)

Measurement of Low-Cost Channel

Ω

Ω Ω

Fig. 14 a Diagram of multi-

drop bus, and low-cost channel

configuration with chip

integration. b Measured

frequency response of low-cost

channel. c HFSS model to

emulate frequency notch.

Impedance mismatch is added

to have ripple effect in

frequency response.

d Magnitude response simulated

from HFSS. e Calculated

attenuation constant for 10-in

distance. f Calculated
propagation constant for 10-in

distance
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impulse response is shown in Fig. 15(c) after applying LPF

with 4 GHz cutoff frequency. As indicated with 6 GHz of

double-side bandwidth in Fig. 14(d), random sequences of

3 and 6 Gb/s with 4PAM signaling can be successfully

transferred using 8 GHz carrier frequency in Fig. 15(d, e).

In order to study the impact of phase discontinuity men-

tioned in Fig. 14(f), a new baseband-equivalent impulse

response is written without the contribution of attenuation

constant and LPF as if the transmission line is lossless.

B xð Þ ¼ e�jb xþx0ð Þeþjb �x0ð Þ þ eþjb x�x0ð Þe�jb x0ð Þ ð28Þ

Interestingly in Fig. 15(f), the magnitude response of

(28) also contains notches at 4 and 12 GHz. In the case of

4 GHz baseband-equivalent notch, 12 and 4 GHz signal

components will land at 4 GHz and add themselves after

down-conversion while carrier frequency is 8 GHz. In RF

signal domain, because of the phase discontinuity in

Fig. 14(f), the phase of combined 12 and 4 GHz signals

becomes close to 90� out of phase in relation to the phase

of carrier frequency.

To study the effect of carrier frequency associated with

notch frequencies, impulse responses without LPF for

various carrier frequencies are plotted in Fig. 16. As

expected, when carrier frequency is employed at the center

of notch frequency, the baseband-equivalent impulse

response would act as a high-pass filter as shown in

Fig. 16(a). Impulse responses in Fig. 16(b–d) basically

point out the importance of carrier frequency. Here, only

(d) appears to be feasible for high-speed data transmission

within available 3 dB bandwidth provided SNR is high

enough.

|H(ω-ω0)|

|H(ω+ω0)|

-8GHz

8GHz
|B(ω)|

|I(ω)|

|B(ω)|
Phase Only

LPF BW: 4GHz

4PAM, 6Gb/s

3Gb/s

(a) (b)

(c) (d)

(e) (f)

Fig. 15 a Frequency response

shifted around carrier frequency

8 GHz. b Baseband-equivalent

impulse response without LPF.

c Baseband-equivalent impulse

response with 4 GHz cutoff

LPF. d Eye-diagram of 3 Gb/s.

e Eye-diagram of 6 Gb/s with

4PAM. f Baseband-equivalent
impulse response without LPF

when only phase contribution is

counted
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4.2 Tri-band RFI system implementation using

28 nm CMOS process for memory interface

A tri-band RFI system is implemented to enable 10 Gb/s

data communication over 2-in microstrip line for memory

interface, as shown in Fig. 17(a) [20]. In this design and

experiment, notches are assumed to be generated at 1.5 and

4.5 GHz considering practical dimension (* 1-in length)

of multi-drop bus. Under this constraint, the baseband-

signaling carries data strobe (DQS) and data mask (DM)

signals by way of 4PAM modulation, and DQ1 through

DQ8 are transmitted by 3 and 6 GHz carrier using 16QAM

modulation with each DQ carrying 1.25 Gb/s of data

bandwidth.

The target of the proposed system is to transfer 1-byte

(8-bit) of high-speed data simultaneously over shared

channel to reduce the number of pins while minimizing

latency (maximum 1 DQS period) between transmitter and

receiver for memory sub-systems [31]. Regardless of

spectral efficiency, one could have chosen to serialize

baseband data in baseband domain using serializer and de-

serializer (SerDes) to transfer 1-byte of simultaneous data,

but the latency penalty caused by clock and data recovery

(CDR) becomes especially challenging as data rate

increases. Instead, the proposed system serializes data

strobe signal, data mask signal, and data all in frequency

domain to remove the necessity of CDR such that the

latency requirement is satisfied for memory sub-systems.

From a system hardware requirement point of view,

even if the channel does not possess notches in frequency

response, multiple RF channels may still be preferred over

one RF channel in this 1-byte memory bus design. For

instance, as opposed to the spectral efficiency argument of

multi-band MRFI in Sect. 3.4, although one carrier is

spectrally more efficient for transmission lines without

non-idealities, the ultimate question becomes whether to

design 64QAM with 1 carrier or 16QAM with 2 carriers for

1-byte transmission system. Arguably, the burden on cir-

cuit implementation for 64QAM is significant enough such

that one may prefer to implement a 2 carrier based RFI

system.

Transistor-level simulation results (captured before

ADC) show wide-open eye-diagrams of 4PAM signaling at

each in-phase domain of 3 and 6 GHz carrier in Fig. 17(b).

Impulse response based 4PAM simulations agree with the

transistor level simulations except the fact that 2x0 com-

ponent does not exist in the impulse response as shown in

Fig. 17(c). The proposed architecture is fabricated in

28 nm CMOS process shown with a die-photo in

Fig. 17(d). The measured spectrum of simultaneous tri-

band transmission in Fig. 17(d), and eye-diagram and

recovered DQS signal in Fig. 17(e) prove the concept and

utility of the RFI system.

|B(ω)| |B(ω)|

|B(ω)| |B(ω)|

ω0=4GHz ω0=9GHz

ω0=13GHz ω0=16GHz

(a) (b)

(c) (d)

Fig. 16 Various carrier

frequency. a Impulse response

without LPF at 4 GHz carrier.

b Impulse response without LPF

at 9 GHz carrier. c Impulse

response without LPF at

13 GHz carrier. d Impulse

response without LPF at

16 GHz carrier
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Fig. 17 a Tri-band (baseband, 3 GHz RF, 6 GHz RF) system

implementation over 2-in PCB transmission line for memory interface

application. Each 3 and 6 GHz carrier transfers 5 Gb/s data rate using

16QAM modulation. Data mask and data synchronization clock is

transmitted using baseband signal with 4PAM modulation. b Transis-

tor level 4PAM simulation for DQS, 3 GHz channel (in-phase), and

6 GHz channel (in-phase). c Impulse response based 4PAM simula-

tion for 3 GHz channel and 6 GHz channel. d Implemented die-photo

in 28 nm CMOS process. e Measured tri-band RFI spectrum. Data

rate is 1G-baud, and the DQS clock speed is 500 MHz in this

spectrum. f Measured eye-diagram after analog-to-digital converter
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5 Conclusion

An explicit expression of baseband-equivalent impulse

response in frequency domain for general transmission lines

that support TEMmodeof propagation is analytically derived.

The frequency domain impulse response as a function of

carrier frequency renders the estimation of equivalent band-

width with indication of SNR trade-off. The impulse response

reveals an equivalent pre-emphasis effect when the cut-off

frequency of LPF after down-conversion is chosen properly.

Based on our explicit derivation in frequency domain, a

time domain impulse response is established by taking an

inverse Fourier transform. By way of time domain convo-

lution, eye-diagrams are constructed with incoming random

data sequences. In case of transmission lines without non-

idealities, both frequency and time domain study suggests

that only one carrier should be employed at the highest

possible frequency within the SNR limit to achieve the most

spectrally efficient MRFI architecture.

In order to study the baseband-equivalent impulse response

of transmission lines with non-idealities, an emulation model

is built in HFSS software by introducing intentional open-stub

and impedance mismatch. The analysis guides how to com-

pute attenuation and propagation constants with the help of

HFSS simulations such that baseband-equivalent impulse

response can be constructed by the same procedure developed

in this paper. Impulse responses prove that the selection of

carrier frequencies is crucial to achieve spectrally efficient

multiband interconnect architecture.
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