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CPW, Capacitive Coupler, and UWB Transceiver
M. Sun and Y. P. Zhang

Abstract—A novel inter-chip RF-interconnect system operating
in the range of 22–29 GHz is described and analyzed in terms of
system bit error rate (BER) performance. After characterizing the
interconnect channel, plotting the transmitted and received ultrawideband pulses, and estimating the switching noise power density
by proposing a novel switching noise attack model, we finally get
the results of the system performance. It is shown that the performance degrades with the interconnect distance and the switching
noise attacker number. It is concluded that a high data rate at
3.33 Gb/s with a low BER
10 5 over the entire chip of size
2
30 30 mm is achievable with the radiated power density less
than 41 dBm/MHz (or the average transmitted power less than
2.85 dBm).
Index Terms—Bit error rate (BER), capacitive coupler, coplanar
waveguide (CPW), inter-chip RF-interconnect (RFI), ultra-wideband (UWB) radio.

I. INTRODUCTION

S

EMICONDUCTOR technologies continuously scale down
feature size to improve the speed of operation. Taking complementary metal–oxide semiconductor (CMOS) technology
as an example, the minimum feature size of metal–oxide semiconductor (MOS) transistors has been reduced to 90 nm and
the speed of operation has exceeded 100 GHz [1]. Such rapid
scaling has two profound impacts. First, it enables a much
higher degree of integration. Second, it implies a much greater
challenge of the interconnect because the metal wire width and
space are greatly reduced and fundamental material limits are
approaching [2]. Revolutionary interconnect methods and techniques must be pursued to carry on the fast progress of future
ultra large-scale integration (ULSI) technology. At this point,
RF-interconnect (RFI) become possible with high-frequency
silicon technologies and ever-increasing integrated-circuit (IC)
size [3]–[6].
A novel RFI system concept is first proposed in [3]. Its structure is based on RF-transceiver and capacitive coupling over
an impedance-matched transmission line, where RF signals are
up-linked to the shared broadcasting medium, coplanar waveguide (CPW), or microstrip transmission line (MTL) via transmitting capacitive couplers, then down-linked via receiving capacitive couplers to fulfill the interconnect function. This RFI
system structure overcomes the limits of conventional digital
interface systems using the direct-coupled interconnect (DCI)
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and the capacitive coupled interconnect (CCI). It improves the
signal-to-noise ratio and lowers the signal swing and output consumption while it increases the transmission data rate [4]. For
this RFI system structure, it has demonstrated a maximum data
rate of 2.2 Gb/s in 0.18- m CMOS technology [4]. However,
in [3]–[5], the transceivers of these previous RFI systems are all
based on a traditional radio structure. As compared with conventional radios, the UWB radio is much simpler and there is no
reference oscillator, frequency synthesizer, voltage-controlled
oscillator, mixer, or power amplifier, which directly translates
to smaller circuitry overhead and power consumption [7]. The
concept of integration of an ultra-wideband (UWB) transceiver
into a chip for an intra- and inter-chip wireless interconnect has
been proposed in a novel configuration of wireless chip area
networks (WCANs) as its physical layer [8]. In [9], the UWB
radio is firstly proposed as the transceiver for the inter-chip RFI
system using CPW and capacitive couplers. Based on this idea,
a novel RFI system structure is proposed to offer an alternative solution for the chip-to-chip interconnect problem. It has
the advantage of the small attenuation of the CPW and capacitive coupler channel, as well as the advantage of the UWB radio
for short-range communication. In this paper, the performance
of this RFI system will be analyzed in detail. The interconnect
channel will be characterized and the transmitted and received
UWB pulses will be plotted and, after that, a realistic switching
noise attack model will be proposed to estimate the system SNR
and evaluate the system bit error rate (BER) performance in
terms of the different switching noise attack number.

II. SYSTEM STRUCTURE AND PERFORMANCE ANALYSIS
Fig. 1 shows the proposed inter-chip RFI system located
inside a multichip module (MCM) package to fulfill the interconnect function between digital I/O A and B [9]. It uses UWB
radios as transceivers, which comprises a pulse generator, a
transmit/receive (T/R) switch, a low-noise amplifier (LNA), a
matched filter, and a threshold circuit. In addition, this system
features a unique channel, composed by capacitive couplers,
and an off-chip, but in-package passive MTL or CPW as a
shared broadcasting medium. The transmitted pulse is directly
fed to the transmitting capacitive couplers. The information
can be transmitted using pulse position modulation (PPM). The
received pulse is passed through the matched filter. The original
information is then recovered with an adjustable high-gain
threshold circuit. The system operates at the 22–29-GHz UWB
frequency band. The advantage of this higher band as opposed
to the 3.1–10.6-GHz UWB band will be shown below.
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Fig. 1. Inter-chip RFI system architecture.

Fig. 2. Channel model: C is the transmitter’s coupling capacitor, C is the
receiver’s coupling capacitor, R is the transmitter’s output resistance, R is
the receiver’s input resistance, V is the source signal voltage, d is the distance
between the transmitter and receiver, Z is the impedance looked into the CPW,
V is the channel’s input voltage, and V is the channel’s output voltage.

A. Characterization of the Interconnect Channel
The channel comprises capacitive couplers and a shared
CPW. The characteristic of this channel is first analyzed in [3]
based on transmission-line theory with some approximation.
Here, the channel’s exact transfer function is derived as follows
in (1) based on transmission-line theory using the channel
model shown in Fig. 2 [9]:

(1)
where

is the complex propagation constant of the CPW. Its
real part in nepers per meter represents the attenuation constant and its imaginary part in radians per meter represents the
phase constant. Based on the simulated frequency-dependant
and values in [9], we examined the parameters’ effect on the
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amplitude of transfer function , as shown in Fig. 3(a)–(c). The
parameters include the distance between the transmitter and re, and the receiver , the coupler capacitance
sistance
. Note that the value of coupler caand resistance
is the same for the transmitter
pacitance
and receiver because of our system’s bidirectional communication nature. As expected, the amplitude of the transfer function
shows the high-pass characteristic. In addition, Fig. 3(a) shows
quickly decreases with distance. The
that the amplitude of
longer distance has the larger attenuation. Fig. 3(b) shows that
the coupler capacitance has an important effect on the amplitude of . The smaller capacitance has the larger channel
fF is chosen
attenuation. Based on this simulation,
for our system. Furthermore, it is found that output resistance
has a certain effect on the amplitude of . with a small
value will cause the fluctuation of the amplitude of
in high
frequency, as shown in Fig. 3(c). Based on this simulation, we
k . The phase of the transfer function in terms of
choose
distance is also examined in Fig. 3(d). It shows the linear characteristic, and the longer distance has the larger delay. Based
on the above observation, we conclude that the CPW and capacitive coupler channel can be regarded as a high-pass filter,
which has a linear increased delay with interconnect length. This
conclusion reconciles well with the measurement result in [10].
This high-pass characteristic of the channel can greatly reduce
the switching noise coupling from the on-chip digital circuitry
into the channel at the transmitter end, as illustrated in Fig. 4
[10]. It also explains why the higher UWB 22–29-GHz band is
preferable to the lower band. However, for a realistic condition,
switching noise will randomly couple to the CPW channel at
any point. The more realistic switching noise model will be developed and the according average noise power spectral density
(PSD) will be presented in Section II-C.
B. Transmitted and Received UWB Pulses
The PPM scheme is used in UWB radio. The designed
UWB pulse was plotted in [9]. It has 0.25-ns time duration and
7-GHz bandwidth located from 22 to 29 GHz. The expression
of transmitted UWB pulses using the PPM scheme was also
presented in [9]. PPM delay is optimized as 0.02 ns. Appropriate frame width is chosen to realize the interconnect data rate
Gb/s. The peak amplitude of the transmitted pulse
is adjusted to change the transmitted energy per bit
, e.g.,
value of 131.4811 dB
when is 0.03 V, we obtain the
for 22–29-GHz bandwidth and the transmitted power density is
less than 41 dBm/MHz.
Fig. 5(a) shows the transmitted data, transmitted pulses, and
mm. It
received pulses with normalized amplitude at
is found that the delay is serious. This can be explained by the
channel transfer function , which has linear increased delay
with interconnect length. One method is developed in simulation to estimate the delay accurately. The result is shown in Fig.
6. As expected, the delay increases with distance. Using this estimated delay to compensate the received signal, we obtain the
result, as shown in Fig. 5(b), which confirms the accuracy of
delay estimation. Furthermore, the received signal suffers energy loss, as shown in Fig. 6, computed using a time-domain
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Fig. 3. Amplitude and phase of H versus frequency. (a) Effect of distance: C = 500 fF, R = 5 k . (b) Effect of coupler capacitance: d
(c) Effect of resistance: d = 5 mm, C = 500 fF. (d) Effect of distance: C = 500 fF, R = 5 k .

Fig. 4.

Suppression of switching noise at the transmitter end in the RFI.

waveform of the signal after the channel. As expected, the energy loss Gloss increases with distance.
C. Switching Noise Attack Model
For our system that integrates both the analog radio front end
and digital baseband processing circuits, the switching noise
produced by the digital circuits may be significant and impact
the receiver performance. Two types of switching noise coupling can be considered. The first type is the noise generated
by the transistors in digital circuits injecting currents into the
common substrate. Its effect on the system can be modeled by
the capacitive coupling. The second is the noise capacitively
coupled to the CPW in the same layer or from adjacent layers

= 5 mm, R = 5 k

.

[11]. Therefore, the switching noise attack of both types can be
modeled based on the capacitive coupling mechanism. Fig. 7
on a victim
shows the attack by a switching noise source
CPW through capacitive coupling at the point . The more realas opposed to a piecewise-linear
istic attacker waveform
one is proposed in [11] based on the Markov chain and low-pass
filter (LPF) model, as shown in Fig. 8. The switching noise ac, whose
tivity is modeled by the Markov chain producing
PSD is shown as follows in (2), where is the probability that a
particular attacker switches and is the shortest delay between
state transition:
(2)
The realistic attack noise waveform
is obtained by
making
pass through a first-order LPF having a gain and
a time constant . Its PSD is then derived as
(3)
For the switching noise attack model shown in Fig. 7, the
between
and
can be exactly
transfer function
derived based on transmission-line theory according to the three
and
. The received noise
cases
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Fig. 7. Switching noise attack model.

Fig. 8. Markov chain model for the switching activity of attackers.
(b)
Fig. 5. Transmitted, received, and delay compensated received signal with
normalized amplitude at d = 20 mm.

by superposing the contribution of each individual attacker. In
for the case of
MATLAB, we simulated the average PSD at
the number of attacker of 5, 10, and 15, respectively, which is
calculated by
(5)

Fig. 6.

Received signal’s delay and energy loss versus distance.

PSD at
contributed by the single noise attacker
obtained by

is then
(4)

It is assumed that the position of each attacker is a random
variable, which is uniformly distributed in the range of 0 to the
is also assumed to be a random
CPW’s length . The gain
variable having the uniform distribution in the range from 0 to 1.
To consider the realistic case of many switching noise attackers
to the victim CPW, the total PSD of the noise at is determined

where is the total test number, is the test index, and represents the th switching noise attacker. In every test, a noise
source’s coupling gain
and coupling position
is produced
is then calrandomly according to their distribution.
at
culated according to its position . The simulated
the attacker number of 5, 10, and 15, respectively, is shown in
increases with the number of
Fig. 9. As expected, the
has no dc comattacker. It is also worth noting that the
ponent and is fairly flat in the frequency range of 22–29 GHz.
will be used to esIts average value in this frequency range
timate the average bit SNR at the receiver end in Section II-D.
The exact transfer function and realistic switching noise attack
model presented here makes it possible to realistically model
the switching noise PSD on the victim line, which will provide
important information to evaluate our system’s performance.
D. BER Performance
For an inter-chip interconnect within a package, the signal is
only contaminated by thermal noise and switching noise. The
has been presented in
expression of the thermal noise PSD
[9] based on the receiver noise figure . It is shown that
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and BER versus distance for the
The average bit SNR
different attacker number are shown in Fig. 10. The paramedB,
dB, and
ters used in simulation are
dB and the peak amplitude of the transmitted pulse
is adjusted to 0.03 V. As expected,
decreases with distance
and the attacker number. The BER increases with distance and
the attacker number. It is concluded that a high interconnect data
over the entire chip
rate at 3.33 Gb/s with a low
of size 30 30 mm is achievable with the radiated power density less than 41 dBm/MHz (or the average transmitted power
less than 2.85 dBm).

III. CONCLUSION
Fig. 9.

Average switching noise PSD versus frequency.

A novel inter-chip RFI system operating in the range of
22–29 GHz has been described and analyzed in terms of system
BER performance. This system features a channel comprised
by the CPW and capacitive couplers. It also features an UWB
radio as the transceiver. For this system, the transmitted UWB
pulse is designed and the transfer function of the interconnect
channel is derived; after that, a realistic switching noise attack
model is proposed to estimate the system SNR and evaluate
the system BER performance in terms of the different attack
number. As expected, the BER increases with distance and
the attacker number. It is concluded that a high data rate at
over the entire chip of size
3.33 Gb/s with a low
30 30 mm is achievable with the radiated power density less
than 41 dBm/MHz (or the average transmitted power less
than 2.85 dBm).

Fig. 10. Average bit SNR and BER versus distance for a different attacker
number.

is 6.6 dB in the lower band and 8.6 dB in the upper band for a
CMOS UWB radio operating from 3.1 to 10.6 GHz [12], [13].
can be reasonably assumed to be 15 dB. The
Thus, here,
simulated average switching noise PSD was obtained in Section II-C as . The average bit SNR at the receiver end is then
shown as follows:
(6)
where
is the received average energy per bit calculated
using the expression presented in [9] based on the gain of the
and the implementation margin
.
receiver
The BER of our system using PPM modulation is then obtained as a -function [9]

(7)
(8)
is the received pulse corresponding to our designed
where
without delay and the PPM delay is optimized as
pulse
0.02 ns to obtain the best BER performance.
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