RF/Wireless Interconnect for Inter- and
Intra-Chip Communications

MAU-CHUNG FRANK CHANG, FELLOW, IEEE, VWANI P. ROYCHOWDHURY, LIYANG ZHANG,
HYUNCHOL SHIN, AND YONGXI QIAN, SENIOR MEMBER, IEEE

Invited Paper

Recent studies showed that conventional approaches being usedn the evolution of deep submicrometer ULSI technology.
to solve problems imposed by hard-wired metal interconnects will Recent studies indicated that, below:a+ minimum fea-
eventually encounter fundamental limits and may impede the ad- e sjze, the interconnect parasitics seriously hurt circuit and
vance of future ultralarge-scale integrated circuits (ULSIs). To sur- . .
pass these fundamental limits, we introduce a novel RF/wireless system performan-ce [1],_[3]', Thg scaling results, fromIS|gr_1aI
interconnect concept for future inter- and intra-ULSI communica- attenuation and dispersion in wires, show that electrical in-
tions. Unlike the traditional “passive” metal interconnect, the “ac-  terconnects become more difficult once the bit-rate capacity
tive” RF/wireless interconnect is based on low loss and disper- exceeds-10¢ AJl? (or~10'7 A/1? by equalizing the chan-
sion-free microwave signal transmission, near-field capacitive cou- ,a|g [4]), whereA is the cross-sectional area of the inter-

pling, and modern multiple-access algorithms. In this paper, we ad- . . -
dress issues relevant to the signal channeling of the RF/wireless in_connect wiring and is the length of the wire. Th&C' (or

terconnect and discuss its advantages in speed, signal integrity, andZC) time delay.I R voltage drop(’V? f power loss, and the
channel reconfiguration. The electronic overhead required in the crosstalk of wires become significant as well.
RF/wireless-interconnect system and its compatibility with the fu-  For the past few years, a great deal of work has been
ture ULSI and MCM (multi-chip-module) will be discussed as well. focused on improving the conventional interconnect tech-
Keywords—Adaptive networking, bidirectional interconnect, nology by reducing the resistivity of conductors (using
fault-tolerant computing, interconnect reconfiguration, inter- and copper) and reducing the dielectric constant of interlayer
intra-chip communications, multi-l/O interconnect, RF/wireless dielectric materials (by using low-polymers). Neverthe-
interconnect, ultrabroad bandwidth. . ' )
less, these evolutionary approaches may soon encounter
fundamental material limits [5]. Revolutionary methods and
|. INTRODUCTION techniques must be pursued to carry on the fast progress of
éhe future ULSI technology. One of such possibilities is to

For the past three decades, the performance of integrate A i .
use “active” RF/wireless interconnects.

circuits has depended primarily on device properties. To en-
hance the circuit and system performance, the major effort
has been focused on improving the device speed through||. RE/WIRELESSINTERCONNECT
scaling of device dimensions. The decrease in minimum fea-
ture size of devices has led to a proportional decrease in in-A- System Concept
terconnect cross-sectional area and pitch. The parasitic resis- With appropriate designs, RF/microwave signals can be
tance, capacitance, and inductance associated with intercontransmitted efficiently through either free space or guided
nects are beginning to influence the circuit performance and mediums. Free-space signal broadcasting/receiving has be-
have increasingly become one of the primary showstopperscome a common practice in modern wireless systems due
to its excellent channeling capability and low-cost imple-
mentation. However, the efficient transmission and receiving
Manuscript received July 19, 2000; revised December 16, 2000. This of RF/microwave signals in free space require the size of
work was supported under contracts and grants from DARPA/SPAWAR and . .
SRC. antennas to be comparable with their wavelengths. As the
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(100 GHz) via (a) 1-cm-long CPW and (b) conventionalh-wide

Fig. 1. (a) Attenuation of RF/microwave signal (100 GHz) via metal interconnect.

CPW and conventional ULSI interconnects as a function of distance.
(b) Attenuation of RF/microwave signals (50-150 GHz) via the

) h mmunication distance is relatively short (several
same CPW and interconnects as a function of frequency. the co unication distance is relat ely short (

centimeters apart), the sizable “far-field” antenna, for
instance, can be substituted with much smaller “near-field”

the order of 1 mrh, which is too large to be comfortably im-  capacitive couplers [7]. The center/top conductor of the
plemented in the future ULSI. CPW/MTL is typically 10-100:m wide, depending on its

Microwave transmission in guided mediums, such as the characteristic impedanceZ{ = 25-100f2) and other signal
microstrip transmission line (MTL) or coplanar waveguide transmission requirements [8], [9]. Although the size is not
(CPW), is known to have low attenuation up to at least extremely large, CPW or MTL is used more frequently in
200 GHz [6]. Simulations in Fig. 1 indicate that signals high-speed or RF packages instead of ULSI circuits. To
transmitted through a 1-cm-long CPW experience extremely justify its constraint in size, the CPW or MTL can be used
low loss [-1.6 dB at 100 GHz as shown in Fig. 1(a)] and as an “off-chip” but “in-package” transmission medium and
low dispersion £2 dB as shown in Fig. 1(b)] across the shared by multiple ULSI I/Os.
complete frequency range of simulation (50-150 GHz). On  Based on these considerations, the proposed RF/wireless
the contrary, the loss of conventional ULSI interconnects is interconnect system is depicted in Fig. 3 asnmiature
very severe, up te-60 dB and—115 dB per centimeter at  wireless LAN (local-area network) located inside a MCM
100 GHz for 1zm- and 0.1pm-wide interconnect lines, re-  package. The intended miniature LAN contains ULSI 1/Os
spectively. The frequency dispersion of these interconnectsas users, capacitive couplers as near-field antennas, RF cir-
also reaches 30—40 dB across the same frequency rangecuits for transceivers, and an off-chip but in-package MTL or
Time-domain simulations in Fig. 2(a) confirm the integrity CPW as a shared broadcasting medium. Output signals can
of transmitted square-wave signals through a 1-cm-long be up-linked to MTL or CPW via transmission capacitive
CPW, in contrast to the highly deteriorated output signals of couplers C7), then down-linked via receiving capacitive
a conventional k:m interconnect for the same transmission couplers Cr) to input ports to fulfill the interconnect
distance [as shown in Fig. 2(b)]. Evidently, conventional function. Modern code division (CDMA) and/or frequency
metal lines with narrow geometry are inadequate for global division multiple-access (FDMA) algorithms can be used
interconnect applications in the future ULSI. effectively to alleviate the undesired cross-channel inter-

In order to design an RF/wireless interconnect system ference within the shared medium. With orthogonal-coded
which may be compatible with the future ULSI and MCM, and/or frequency-filtered RF transceivers, a passive MTL or
we must be very careful in choosing the appropriate system CPW can be very suitable to relay ultrabroad-band signals
architecture and transmission/receiving components. Sinceup to 150 GHz [6], [8].
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c
CPW or MTL with characteristic impedance Z, where e.q(f) represents the effective permittivity of di-
Zs electrics which surround the transmission line [6], [8], [9].
v . When the transmission line is properly terminated by its
< > SR characteristic impedancdif = Z¢), (3) diminishes, i.e.,
T Z_gin 1 V=(f,0) =0, and (1) becomes
. . . + ZC .
Fig. 4. CPW must be properly terminated with, = Zc to VT(f, z) = Vs exp(—3/z). (5)
minimize the frequency dispersion. Zc+ Zs

_ _ _ _ The resulting voltage distribution in (5) is virtually dis-
B. High-Frequency/High-Speed Signal Channeling persion-free because the real parfiof.e., Re(j3), is almost
The communication channel of the RF/wireless-intercon- independent of the frequency A 200 GHz [6]. The imag-
nect system, which comprises 1/O transceivers, capacitiveinary part of3, i.e.,Im(3), that represents dielectric and/or
Coup|er5, and a shared microwave transmission medium, isradiation loss and ohmic diSSipation is inSigniﬁcant and can
analyzed to quantify the system effectiveness. Firstly, the be ignored in the frequency range of interest.

voltage distribution of signals at any poinbf the transmis- Fig. 5 shows a representative RF interconnect channel
sion medium (either CPW or MTL), as shown in Fig. 4, can shared by multiple I/OsRz, to Rzy and Tz to Tzy).
be expressed as The channel consists of a uniform and homogenous CPW
with its Z¢ equal to 50€2. The signal line of the CPW is
V(f, 2) =VH(f, 0)exp(—jBz) + V (£, 0)exp(i32) designed to be 10pm wide with 20:m signal-to-ground
(1) isolation gaps [8]. Since the channel is designed to hold

bidirectional communications, both ends of the CPW are
whereVt(f, 0) exp(—j3z) andV~(f, 0) exp(j3z) repre- terminated withZ¢ to avoid the signal reflection.
sent the forward and reverse traveling waves, respectively. The equivalent circuit of a specific transceiver
The complex amplitudes of the traveling waves can be (T'xy—Rzxy) loop is shown in Fig. 6, in which the
written as signal voltage,V;.., received at theRz, can be derived
according to (5) as

VE(f, 0)
Vs Zc + Ry, % Rp
2Zs <& + 1) cos 31 +J<& + &> sin 31 Viee = Ze o1 Ze 1 Vs
Zs Zc s <—+RT—J —) <—+RR—J —>
. 2 wCT 2 wC’R
~exp(jl) (2) exp(—jd) ©)
V(£ 0) n
_ Vs Ry, — Zc where
2Zs ( R { Ry  Zc\ . Vs source signal voltage;
<Z_s + 1) cos il + 3 <Z—c + Z—s> sin I d  distance between tHEz y and Rz y;
-exp(—3jA3l) (3) Ry TzpN's output resistance;
Rpr Rxpy's input resistance.
where It is very obvious from (6) that we must choo&g andRg
Z, impedance looked into the source; to be much greater tha# to preserve CPWs character-
Zc  characteristic impedance of the transmission line; istic impedance and chooser > j(1/wCg) and Ry >
Ry load impedance; j(1/wCr) to obtain a dispersion fre¥.... Fig. 7 shows the
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Fig. 7. Extra CPW attenuation caused by 20/20 shunted 1/0
transceivers.

Fig. 8. Top-level schematic of a FDMA-interconnect.

impact of multipleZz/Rz on the performance of the com-
munication channel. The worst case is simulated by placing
Tzx and Rz at the opposite end of the CPW and the
rest of 20/20Cz/ Rx uniformly across the transmission line.
AssumingRy = Rr = 100Zc (5 k) and1/wCr =
1/wCgr = 0.1Rr, we find the loss caused by shunted 20/20
Tx/Rz is 0.3 dB/cm. The loss is still as low as 0.8 dB/cm
when reducing botliRr and R to 2 k€.

Larger Cr and Cg help signal coupling between trans-
ceivers and the transmission line. However, the siz€'pf
and Cr must be made small enough in order to be com-
patible with the future ULSI fabrication. A good compro-
mise can be reached by choosiRg = Rr = 2 k2 and
1/wCr = 1/wCg < 0.1Rz. When operating at 100 GHz,
the required”’r or C'r capacitance is estimated to be larger
than 8.3 fF. Assuming the vertical coupling distance i85
and using ZrO £, > 10) as the dielectric between cou-
pler electrodes, the pad size 6% or Cg is calculated to
be <600 zm?. Capacitive couplers of this size can be easily
implemented in future ULSI.
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Fig. 9. (a) Block diagram of the FDMA-interconnect transmitter.

(b) Block diagram of the FDMA-interconnect receiver.

Provided that the CMOS transmitter output stage is op-
erated in class A and biased Hi; = 1.8 V, the signal
power received at the farthe&te is calculated ag’... =
—[39 + 10 Log(L)] dBm according to the formula

Prec = LVjyZ¢ |(8RrE7) (7
whereL accounts for CPWs attenuation. Since the signal is
virtually dispersion-free, it can be boosted to adequate power
level at the receiver by CMOS preamplifiers for subsequent
signal/data processing. System noise floor and receiver sen-
sitivity must be analyzed to ensure the adequac¥k.ef for
supporting low bit-error-rate (BER) communication. Such
analysis is carried out in Section II-C.

C. Multiple Access Techniques for Simultaneous
Communication Channels

Multiple access algorithms, such as FDMA and CDMA,
can be used to achieve simultaneous communications in
RF/wireless interconnects. In FDMA-interconnect, fre-
guency bands of I1/0 channels may be allocated between
5-105 GHz with bandwidth of 520 GHz in each channel
to provide a minimum data rate o8O0 Gb/s, depending
on the modulation scheme. The schematic of a FDMA
RF-interconnect modulated by either a digital or analog
carrier is shown in Fig. 8. Block diagrams of the transmitter
and receiver are shown in Fig. 9(a) and (b), respectively.

In FDMA-interconnect, thekth transmitter's binary
data streamb(¢) is multiplied by its sinusoidal carrier
cx(t) = Apcos(2xfit). The resulting signakn(t) is
filtered throughB P L'y to form the functionsy (¢), which
is eventually coupled into the shared CPW or MTL. At the
kth receiver, input signals are boosted by a preamplifier and
then demodulated to form received signa{t). This signal
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is fed to a threshold comparator to recover daté) sent ~ subchannels.
from the kth transmitter [10].

The operation ofthe baseband CDMA-interconnectisillus-  We provide simulations that clearly establish the tradeoff
trated in Fig. 10 with two I/O channels as an example. Outputs and feasibility of the designed system. In our simulations,
of Tz; andT'z, are spread first by orthogonal Walsh codes we choose processing gain to be 20 and use Walsh codes as
(W1 or W2, respectively) and then capacitively coupled into the spreading code sequence. In this test, we consider only
ashared CPW or MTL where they can be linearly superposedthe case of synchronous access. Since Walsh codes are used,
and broadcastto receivers. Atthe receiver end, the superposedne may specify at most 20 1/0 channels in a shared CPW.
signalis despread by the same Walsh codes (W1orW2)fordatarig. 12 shows the simulation results under various SNR.
recovery. Unlike the hardware-oriented FDMA-interconnect, From these simulations, the system reaches an extremely
CDMA-interconnect is easy to be reconfigured by changing |ow BER (<10~ 1%) as SNR>15 dB.
spreading codes through software commands. The synchronous access condition is fulfilled if the signal

We may also use the CDMA-interconnect beyond the traveling distance during ong. is larger than the longest
baseband by modulating CDMA signals with RF carriers as span between any tw@zs within the same CDMA-inter-
shown in Fig. 11. In this case, coherent demodulation [10] connect. Assuming the data rate is 20 Gb/s, the maximum
and sequence timing acquisition and tracking [11] may be synchronous access distance between anyftwsis limited
used for signal recovery. to about 0.7 cm. In order to maintain flexibility in allocating

As in any communication systems, several parameterstransmitters geographically and high overall data rate (or
are concerned in CDMA-interconnect: the number of I/0s, high spectrum efficiency) of the RF/wireless interconnect,
i.e., the system capacity, bit rate, i.e., the transmitted signalwe may choose to use an FDMA/CDMA combined access
rate, BER, which is the measure of the system performance.system. In this system, frequency bands are divided by
Let us assume the transmitted power of edth being  using different carriers while /O data are spread within
well controlled and all signals are receivedfat with an individual frequency band by using orthogonal codes. For
equal power. If we use orthogonal codes and operate theexample, we may divide 100 GHz into five 20-GHz bands to
interconnect under a synchronous access condition, the totahold four CDMA I/O subchannels in each frequency band.
number of I/Os is limited only by the spreading facféras Each subchannel runs 5-10 Gb/s/subchannel according

Fig. 11. Top-level schematic of a CDMA-interconnect.

shown in (8) to the modulation scheme. Under such circumstances,
F T the signal-to-noise budget for the intended RF/wireless
C S . . . .
= =T, (8) mtercolnnect sysFem is calc.ulated a_nd pIot.ted in Fig. 13.

o ¢ In this calculation, the noise floor is set first at the thermal

where limit of —174 dBm/Hz. This is valid under an assumption

N equivalent to the CDMA processing gaify that the switching noise of digital circuits can be effectively
Fs  symbol rate (or CDMA subchannel data rate); blocked from the RF/wireless-interconnect by the grounded
Fe  chip (or clock) rate of the spreading code[11]; metal shield that surrounds the capacitive couplers, as de-

and the BER of the RF/wireless interconnect system is totally picted in Fig. 3. This assumption is supported by a recent
determined by the signal-to-noise ratio (SNR) of the receiver. study which measured the digital switching noise to be 10 dB

460 PROCEEDINGS OF THE IEEE, VOL. 89, NO. 4, APRIL 2001



Power (dbm)

have been demonstrated only by IlI-V MMICs based on

3  Receivud high-performance InP—InGaAs HEMTs or HBTs with cutoff
____ Signal Power .
frequencies off; > 300 GHz andf..x > 600 GHz [13],
5 Minimum Detectable [14]. The f; and fy,.x Of today’s 0.1pxm CMOS are about 60
N Signal Level and 90 GHz, respectively [15]. With further scaled CMOS
Minimum SNR (155) to devices, lower sheet resistance gate and enhanced electron
Reach BER < 10 velocity in the sub-0.1sm regime, one may obtain CMOS
-67 Noise Floor devices with ultrahighf,... and f; to perform RF carrier
- y  Receiver Noise Figure (4dB) ineband Noise functions up to 100 GHz in the foreseeable future. Some of
Bandvidth (20GHz/Chaaned the detailed implementation issues and demonstrations for
174 A 4 Thermal Noise Density RF/wireless interconnect are summarized as follows.
174 dBm/Hz 1) FDMA: For system simplicity, the RF/wireless-in-
Fig. 13. Signal-to-noise budget for the intended RF/wireless terconn_eCt system may bE_ Implem_ented Wlth a direct
interconnect system. conversion or zero-IF transceiver architecture. Fig. 9 shows

such FDMA-interconnect receiver in which preamplifiers,
mixers and frequency synthesizers are key circuits to be

Iower than that of the thermal noise in an open-air Wire- o -jized, Preamplifiers with 20—30-dB gains are needed for
less interconnect using antenna to transmit and receive sig-

nals without shielding [12]. Based on that, the minimum de- mp_ut S|g_nal amplification. Ba!anced or double balanced
active mixers, such as the Gilbert cell, may be used for
tectable power per CDMA subchannel equals

modulation and demodulation functions. It is advantageous
to use a noncoherent detection scheme for simple receiver
implementation. Frequency shift keying (FSK) is a possible
choice.

Bandpass filters are needed in FDMA-interconnect to
minimize cross-band interference. The implementation of
low-loss and high-selective filters requires high{>50)
inductors. The spiral type inductors in silicon RF ICs are
generally with very low@ (about 2-10), depending on
the inductance. Higli and tunable inductors are very
difficult to realize due to significant energy loss to the
conductive silicon substrate. Fortunately, these issues have
L - . . o ‘been partially resolved by using a transformer-type inductor
which is sufﬂme_ntly long for most Intra- _and inter-chip in- design, in which the lost energy is recovered via a secondary
terconnect applications. We may also utilize T/R repeaters toinductor with delayed phase angles to attain extremely high

gain a longer synchronous access distance. The random_ (o (>1000) inductance and high tunability (0%—100%) [16].
asynchronous) access process, however, should be avoide ased on this technique, a 5-GHz elliptical filter is being

to simplify theT'z/ R architecture and circuit implementa- designed as shown in Fig. 14. The bandwidth of the filter is

tion. simulated to be 2 GHz with 1-dB passband insertion loss and
i 22-dB stopband rejection. In addition, recent progress made
D. Electronic Overhead in silicon MEMS (microelectromechanical system) also led
The electronic overhead of the RF/wireless intercon- to successful demonstrations of highsilicon resonators
nect system comprises 1/O transceivers, frequency/codeand filters in millimeter-wave frequencies [17].
generators, frequency/code mixers, code correlators, 2) CDMA: The baseband (digital part) of the CDMA-in-
clock/frequency recovery circuits, and bandpass filters. As terconnect transceiver, as shown in Figs. 15 and 16, com-
previously described, the RF transceivers may be designedprises Walsh code generators, mixers, correlators, and regis-
to operate in each of the separate 20-GHz bands and digitaters. The FDMA/CDMA combined interconnect transceiver
circuits are only required to clock at 20—40 Gb/s within each consists of both RF and digital circuits. The RF part of the
band. This architecture renders RF-interconnect with total interconnect transceiver is similar to that of the FDMA trans-
100-GHz bandwidth while relaxes challenges in wide-band ceiver.
transceiver and digital circuit designs for operation ef- The Walsh code generator creates a set of mutually or-
ficiency and signal integrity. Without such arrangement, thogonal codes as shown in Fig. 17. Whehit Walsh codes
the transceivers must work over the complete 100-GHz are chosen, the maximum orthogonal codes generated are
bandwidth with digital circuits clocked up to 100-200 Gb/s which equals the total communication channels that can be
for an equivalent interconnect data throughput. simultaneously supported. Since Walsh codes are mutually
Up to date, digital circuits clocked up to 4-10 Gb/s have orthogonal, there will be no cross-channel interference in a
been demonstrated. But can CMOS operate up to 100 GHz asynchronous access operation. In this case, the BER of each
RF transceivers? Presently, W-band (70-110 GHz), D-bandchannel depends only on the SNR of the receiver, as indi-
(110-140 GHz), and G-band (140-220 GHz) RF circuits cated in Fig. 12.

Puin = 10Log(F.) + Ny + SNR— 174 (dBm)  (9)
whereFs is the I/O data rate andy'; is the noise figure of
the receiver (assumed to be 4 dB). The minimum detectable
signal level is calculated as

Py = —52 dBm. (10)
This limits the maximum CPW or MTL loss to 13 dB

for keeping low BER transmission. This also limits the syn-
chronous transmission distance to about 4 cm up to 100 GHz
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Ill. RF-INTERCONNECTDEMONSTRATION period of I, atF, = 2.8 GHz.

As the first step to prove the RF/wireless-interconnect
concept, we have recently demonstrated & 2 baseband  alternate data paths between two communication channels.
CMDA-interconnect system on 0.3zm and 0.18:m Fig. 19 shows measured results of desighed® CDMA-in-
CMOS [18]. As shown in Fig. 18, the CMDA-interconnect terconnects based on 0.1L8 CMOS operating at a clock
system comprises transmitters and receivers, T/R capaci-ate of F. = 2.8 GHz. As shown in the same experiment,
tive couplers, a shared transmission line, high-impedancechannels are seamlessly reconfigured within one symbol
receiver front-ends, ADCs, and a reconfiguration enable period of 7,, which fully demonstrates the interconnect
switch. In each transmittérz, input data is spread by Walsh  reconfigurability on-the-fly. The power consumption is
codes and then transmitted in-and-out of a shared transmisimeasured to be 15 mW per transceiver-pair at the clock rate
sion line through T/R couplers. In eaélx, transmitted data  of forx = 2 GHz andV,, = 1.8 V. The speed—power
are first quantized by the ADC and then despread by CDMA consumption relationship for future CDMA-interconnects is
correlators. Reconfiguration-enable is implemented to simulated in Fig. 20, according to the CMOS scaling rule of
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Fig. 20. Measured and simulated power consumption for
CDMA-transceivers.
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Fig. 21. (a) FDMA/CDMA combined interconnect system
with CDMA baseband circuits with 5-GHz direct conversion RF
transceiver. (b) Microphotograph for the fabricated test chip.

P x fV2,Cy, and the minimum power supply voltages and
clock rates forecasted by ITRS [5].

An FDMA/CDMA-interconnect test system has also
been demonstrated with a baseband CDMA-interconnect
combined with a direct conversion 5-GHz RF transceiver as
shown in Fig. 21(a) and fabricated chip in Fig. 21(b).

Fig. 22 shows receiver output waveforms with and without
5-GHz RF carrier. The clock rate for the baseband CDMA-
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interconnect is measured at 1.1 GHz with digital input data
rate of 275 Mb/s per subchannel. The power consumption is
measured to be 48 mW per transceiver-pair (15 mW for dig-
ital circuits and 33 mW for RF transceiver). This experiment
demonstrates the functionality of the FDMA/CDMA-inter-
connect including RF and digital transceivers, signal cou-
pling, and transmission.

IV. SYSTEM ADVANTAGES

Itis widely believed that further significantimprovementin
system performance can only be achieved through integration
of different components of the system. This trend is clearly
indicated in the rapid growth of system-oriented products,
including complete systems on a chip, and/or MCMs. The
major bottleneckin pushingthe frontiers of system integration
further into the new millennium, is the lack of availability
of ultrabandwidth, multi-I/O, and reconfigurable networks
that can be packaged on a single chip or integrated into the
MCM. Let us briefly look at how the proposed RF/wireless
interconnect scheme meets these architectural requirements,
and how it compares with other existing or proposed schemes.

« Effective Bandwidth:Several research efforts on intra-
and/or inter-chip high-speed interconnects have been
pursued in the recent past. For example, high-speed
end-to-end wire interconnects (with signal-processing
hardware, such as channel equalizers, at both ends)
for data transmission speeds up to 4-10 Gb/s have
been successfully demonstrated [19]. However, such
wire interconnect is often based on high-clock-rate
time-domain multiplexing. To compensate for the
signal loss over the wire, such a system would require
sophisticated processing of the signal to compensate
for frequency-dependent attenuation. In our proposed
RF/wireless interconnect, the total data rate can go up
to 100 Gb/s/interconnect or 20 Tb/s/chip (assuming
200 RF-interconnects, each 2 cirl00 pmin size, are
fabricated on a 2 cnx 2 cm chip) but the clock rates
in each frequency band are maintained as 20-40 Gb/s,
which significantly reduce the complexity in both RF
and digital circuit design and implementation. It is
only the RF transceivers that are required to operate
at the carrier frequencies. This architecture takes full
advantage of the fact that the RF circuits are operable
up t0 fimax/2 Of the CMOS device while digital circuits
can only operate up tg /4.
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e Multi-l/O Service: Another important feature that
many proposed schemes cannot offer is a high-integrity
interconnect where multiple 1/0s can communicate
simultaneously. Using frequency and/or code division
multiplexing, one can achieve multiple access in our
scheme, while maintaining reliability. In fact, our sim-
ulations show that up to 20/20 1/0Os can simultaneously
communicate using one shared transmission line. From
an architectural perspective, this enables the use of ex-
tensive parallel processing at the systems level, leading
to faster overall processing speed. One can in principle
achieve such a shared network using optical intercon-
nects; however, the overheads incurred per I/O in terms
of area, power, and integration difficulties may be more
challenging compared with our RF-based scheme.
Another advantage of our system is that it may enable
the architect to cut down the number of I/O ports on a
chip. Since one can use on-chip modulation schemes

in the previous discussion, one can reconfigure the net-
work by software commands (even remotely) to debug
the system architecture and then to eliminate faulty units
via reconfiguration.

« Packaging and System Assemblyhe RF/wireless
interconnect also allows greater flexibility in packaging
and system assembly. With RF/wireless interconnects,
the total number of bonding wires can be greatly re-
duced and the future ULSI can be nondestructively
tested before packaging through RF signal sensing and
diagnosis. The RF interconnects may provide the nec-
essary dynamic testability required prior to assembling
ULSIs into high yield MCM packages.

« Silicon Compatibility: Both RF/wireless interconnect
system and components can be implemented based on a
silicon-based CMOS technology, which is and will con-
tinue to be the mainstream of the future ULSI industry.

to interleave multiple data sets on the network, one I/0 \; gysTEM CONSTRAINTS

port can serve multiple /0 needs simultaneously.
« Reconfigurability and Online ComputingThe archi-

There are several system and practice issues and

tectural flexibility that is being increasingly demanded constraints that must be considered and resolved for im-
by applications is the ability to reconfigure any given Plementing the proposed RF/wireless interconnect system.
hardware online. Atthe logic level, this is accomplished Those include the following.

by using FPGAs, which can be programmed online to
perform different functionalities. The reconfigurable
network we are proposing, will add such flexibility
at the system level as well. Since the whole network
can be programmed via software instructions, one can
envision a complete online rewiring of connections.
In our system, CDMA or FDMA-CDMA combined
(i.e., multicarrier CDMA) algorithms allow each 1/O

pair to choose an orthogonal address code. The address

code can be electronically changed for interconnect
reconfiguration. Assuming total frequency bandwidth
W = 100 GHz and the average datarate per RF channel
up to 20—40 Gb/s, the simultaneous access of 20 CDMA
subchannel/per-interconnect with guaranteed perfor-
mance may be achievable in an enclosed low-noise
MCM environment.
» Programmable Fault-Tolerant ArchitecturesAs de-

vices are scaled down to nanoscale dimensions, an issue

that is becoming increasingly important is that of fault
tolerance. For example, a recent influential paper [20]
proposes a fault-tolerant hierarchical architecture with
faulttolerance incorporated down from the logic level to
thetoplevel ofinterconnects. The mainideais: instead of
perfecting one’s nano-technology to the extreme limit,
where fabrication lines are going to cost billions of dol-
lars, one couldinstead haveinexpensive fabricationtech-
nology with potentially low yield. One can then use the
architectural flexibility to program a virtual machine on
the resulting hardware by first testing and then followed
by reconfiguration. The key underlying enabling tech-
nologyisthe design of flexible interconnection network.
While ourideas are not suitable for a programmable net-
work at the nanoscale level, it definitely can be used at
the system level to attain fault tolerance. As pointed out

« Circuitry Overhead and Power Consumptionf the
network flexibility is the highest concern, e.g., both
bidirectional communication and arbitrary transceiver
distribution are of the top priorities of the RF/wireless
interconnect system, then each 1/O transceiver should
have its own dedicated RF and CDR (clock and data
recovery) circuits. This of course will impose heavy
circuit overhead as well as large power consumption to
the interconnect implementation. Practically, this may
not be possible or even necessary for all RF/wireless in-
terconnects. For most inter-chip interconnects, I/Os are
often located in separate clusters. To reduce the power
consumption, clustere@z’s within the synchronous
accessrange may share acommon RF transmitter as that
in the cellular telephony, while clusterdglc’s inputs
may share a common RF receiver and even a shared
CDR without sacrificing channel reconfigurability.
The only nonsharable circuitry is the digital part of
the transceiver. Fortunately, the real estate and power
consumption of these circuits are insignificant with
advanced CMOS, as demonstrated in Section Il. It is
also noted that the power consumptionZof output
stage, which is usually determined by the receiver
sensitivity, does not scale as the digital circuitry. The
Tz driver stage typically consumes-2 mW according
to V.,/ Ry, where theV,, is the power supply voltage
and R is the transmitter output impedance.

* On-Chip Filtering: FDMA-interconnect requires high-
quality bandpass filters for high spectrum efficiency as
described in Section Il. This requirement may be re-
laxed in a guided medium such as the proposed RF-in-
terconnect compared with an open-air wireless system
whose frequency usage is strictly limited by the Fed-
eral Communications Commission (FCC). In addition,
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the communication channel may be further selected in
the direct conversion receiver with low pass filters. The
quality of bandpass filters at RF frequencies may be
greatly relaxed as well.

Off-Chip Components:Since the reference crystal
oscillator needed for FDMA cannot be easily im-
plemented on-chip and its size is relatively large
compared with future ULSI, it appears as an issue.
However, since the reference clock is always used in
modern computer or communication systems, it is

possible to reuse a reference clock in existing systems

to minimize the off-chip overhead.

VI. SUMMARY

Future ULSI interconnect system demands extremely
high data transmission rate, multi-I/O service, reconfig-
urable and fault-tolerant computing/processing architecture,
and full compatibility with mainstream silicon CMOS and

MCM technologies. In this paper, we have presented a novel
RF/wireless interconnect system that provides a unique so-

lution to those system needs. Unlike the traditional “passive”
metal interconnect, the “active” RF/wireless interconnect is

based on capacitive coupling, low loss and dispersion-free

microwave signal transmission, and modern multiple-ac-

cess algorithms. The proposed RF/wireless interconnect

promises ultrabroad bandwidth (100 Gb/s/interconnect or
20 Tb/s/chip), simultaneous multi-I/O communications and
reconfigurable networking. As the first step to prove the
feasibility, we have realized on-chip 2 2 CDMA- and
FDMA/CDMA combined interconnects with 2.8-GHz clock
and 5-GHz carrier based on 0.18 MOSIS CMOS, which
demonstrates the intended functions of capacitive coupling,
signal transmission, and channel reconfiguration on-the-fly.
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