
illustrated by Fig. 1 are considered here. Fig. l a  depicts the basic 
flip-chip structure under investigation, a back-to-back structure 
with a coplanar thru line on the chip. The distinctive feature of the 
modified structure shown in Fig. lb  is the compensation area 
located on the motherboard at the bump interconnect (compensa- 
tion length 8 5 ~ ) .  This short line section of high characteristic 
impedance acts as an inductive counterpart, compensating the pri- 
marily capacitive behaviour of the bump interconnect [4]. It is 
referred to as the high-impedance compensation in the following. 
The test chips were flip-chip bonded to a ceramics motherboard at 
the Alcatel Research Center in Stuttgart, Germany. 

0 1 

20 40 60 00 100 
-60 

frequency, GHz 1958/31 
Fig. 3 Return loss of test structures with and without compensation as 
function of frequency 
CPW and interconnect data as in Fig. 2. The high impedance com- 
pensation (Hi-compensation) is designed for optimum behaviour at 
70GHz (compensation length Icomp 8 5 ~ )  

Characterisation up to lOOGHz was performed at the Ferdinand- 
Braun-Institut by means of an on-wafer probe station equipped 
with an HP 8510XF single-sweep network analyser. In Fig. 3, the 
retum loss of the CPW mode is plotted against frequency. The 
measurement results show that the Au-electroplated flip-chip 
interconnects provide excellent performance up to mm-wave fre- 
quencies. In the uncompensated case, the reflections stay below 
the -20dB level up to 37GHz, which clearly demonstrates the 
potential of the technique used. Looking at the result for the high- 
impedance compensation, a further significant improvement is 
observed: a ret- loss higher than 20dB is measured up to 
82GHz. A systematic investigation of all seven modules fabricated 
reveals that this impressive result is not a single best value but can 
be maintained also in a larger MCM lot. The insertion loss per 
transition is below 0.2dB and thus in the order of the measure- 
ment accuracy. 

Conclusions: A flip-chip technique for applications up to W band 
frequencies has been presented. The potential of this promising 
technology is backed by measurement data on test structures. The 
main points can be summarised as follows: (i) the technology is 
suitable for manufacturing of flip-chip interconnects with very 
small dimensions and high process reproducibility; (ii) to obtain 
low reflections at the interconnect, the higher the operating fre- 
quency the smaller bump cross-section and pad area should be 
designed. Flip-chip interconnects fabricated by Au-electroplating 
and AdAu TC-bonding allow bump diameters and heights both 
in the order of 2 5 ~ .  Thus, without any further compensation 
structures, a reflection below -20dB up to 40GHz is feasible; (iii) 
for a given bump geometry retum loss can be further reduced by 
compensation. Already a simple and cost-effective high-impedance 
line section at the interconnect yields reflections below -20dB up 
to 82GHz and, for instance, -27dB at 77GHz. 
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Effect of spatial fading correlation on 
performance of space-time codes 

M. Uysal and C.N. Georghiades 

The performance of space-time codes is investigated over 
Rayleigh fading channels with spatially correlated fading between 
transmit antennas. An exact painvise error probability is derived 
based on which an analytical estimate for bit error probability is 
computed. The analytical results are verified through computer 
simulation. 

Introduction: Space-time coding [I] is a bandwidth and power efi- 
cient method of communication over fading channels that inte- 
grates channel coding, modulation and multiple transmit antennas 
at the base station with optional receive diversity at the mobile 
station. Performance criteria for space-time codes have been 
derived in [I] based on an upper bound on painvise error proba- 
bility for both quasi-static flat fading channels where the path 
gains are assumed to be constant during a frame, and rapid fading 
channels, where the path fading coefficients are assumed to remain 
constant for one symbol interval. For the latter case, the authors 
[2] have derived the exact painvise error probability (PEP) using 
the characteristic function technique, which has been used previ- 
ously in the performance analysis of trellis-coded modulation sys- 
tems [3]. The results in [2] essentially constitute a generalisation of 
the technique in [3] for the multiple-transmit and multiple-receive 
antenna case. The authors further extended their results in [4] for 
the multiuser case, where a space-time coded multiple access sys- 
tem is considered. 

A main assumption in the space-time coding literature, includ- 
ing [2, 41, is that signals received from different transmit antennas 
fade independently. This is the case where the maximum attaina- 
ble diversity for multiple-input multiple-output channels is 
achieved. However, in real-life propagation environments, the 
fades may not be spatially independent owing to the distribution 
of local scatterers or insufficient spacing between antenna elements 
[5]. In this Letter, we derive the exact PEP for space-time codes in 
spatially correlated Rayleigh fading channels. Based on the exact 
PEP, we provide analytical bit error rate results for space-time 
coded systems. 

System model: A wireless communication scenario, where the base 
station is equipped with M transmit antennas and the mobile sta- 
tion is equipped with a single receive antenna, is considered. Data 
is encoded by a channel encoder and then divided into M parallel 
streams. Each stream is then passed through an ideal interleaver, 
i.e. one having infinite interleaving depth. It should be noted that 
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in practice an interleaver with a reasonably large interleaving 
depth performs as well as an ideal interleaver. The encodedinter- 
leaved data is then pulse-shaped and modulated. At the receiver, 
the received signal is passed to a matched-filter having an impulse 
response with a scaling factor lid&, [3]. The output of the 
matched filter is then sampled at each signalling interval to pro- 
duce 

M 

T l  = Ql,mZl,m + r l l  (1) 
m=l  

where the noise samples in eqn. 1 are iid complex Gaussian with 
unit variance. x,, is the complex valued modulation symbol trans- 
mitted from the mth transmit antenna in the Zth signalling interval 
and the al,,s are zero mean, complex Gaussian random variables 
having variance 0; = EJN,, which also represents the signal-to- 
noise ratio (SNR) of the system. The fades from different transmit 
antennas to the receive antenna are uncorrelated in the temporal 
domain owing to the interleaving/deinterleaving process; however, 
they are assumed to be correlated in the spatial domain with cor- 
relation factor pm,n, i.e. pm,n = da!,,?;, 1. The maximum-likeli- 
hood receiver is based on the minmsation of the metric [I] 

M 

p(r,x) = 5 JT l  - qmqm l 2  (2) 
1=1 m=1 

assuming ideal channel state information (CSI) is available. 
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Fig. 1 4-PSK 4-state space-time code with two transmit antennas and 
one receive antenna 
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Performance analysis: The painvise error probability P(x --;r g), 
which represents the probability of choosing the coded sequence 2 
when in fact x was transmitted, is given by 

P ( x  + i) = Pr[p(r, i) 5 p(r, x)] = Pr[D 5 0] (3) 

where D is defined as 
L 

D = ~ D ~  
1=1 

M M 

= q 1=1 I T (  - m=l Ql,m21,m[ - /II - m= c 1 Qw,m[} 
(4) 

Inserting eqn. 1 into the above expression, D, is rewritten as 

( 5 )  

Recalling that and qr are complex Gaussian variables, DI is 
simply a quadratic form of complex Gaussian variables. Using the 
characteristic function [3], the painvise error probability is com- 
puted as 

where @&) is the Laplace transform of the PDF of random vari- 
able D. Letting v denote time instances such that 2r,m # x , , ~ ,  
can be shown to be 

where 

1 
\ 

Setting pm,, = 0, the first product term in eqn. 7 is the upper 
bound derived in [l] for the single receive antenna case, i.e. the 
exact painvise error event probability is the upper bound derived 
in [l] modified by a correction factor given by the second product 
term the value of which depends on the poles of @&). It should 
also be noted that setting pm,n = 0 and M = 1 in eqn. 7 yields the 
result in [3] with ideal CSI. An estimation of bit error probability 
can be obtained through accounting for error event paths of 
lengths up to a predetermined specific value, as in [3]. This estima- 
tion actually represents a truncation of the infinite series used in 
calculating the union bound on the bit error probability for high 
SNR values. It should be emphasised that this method does not 
provide an upper bound on the bit error probability. Therefore, 
exact performance can be lower or higher than the approximation 
[6]. As an example, the performance of the four-state code pro- 
posed in Fig. 4 of [l] is investigated for various spatial fading cor- 
relation values, 0 5 p < 1, where p = 0 corresponds to the case 
when the transmitter antennas are spatially independent. In the 
computation of analytical estimates, error events up to length 
three are taken into account. The analytical results are plotted in 
Fig. 1 with the corresponding simulation results. Simulation 
results demonstrate that the estimates reflect well the general 
behaviour of the system under consideration. We also observe that 
the degradation due to correlation is negligibly small for p 5 0.4. 
As the correlation factor increases, the performance loss becomes 
apparent. However, even for p = 0.8 the loss is < ldB, demon- 
strating the robustness of space-time codes to spatial fading corre- 
lation. 

Conclusion: In this Letter, an exact PEP is derived for space-time 
codes over spatially correlated Rayleigh fading channels. Based on 
the new PEP, analytical bit error performance results are pre- 
sented for space-time coded systems. The results show that a per- 
fect CSI receiver is quite robust to spatial correlation effects. 
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Number 

New Jive-user code: In the CC, each user has access to a code (or 
sets of codes for random multiple access environment [5]). Each 
constituent code has two codewords for sending ‘0’ and ‘1’ respec- 
tively. Table 1 gwes the codewords in binary and in octal repre- 
sentations, for the five-user code. The octal representation will be 
used in Table 2 for compactness. To understand this code, it is 
best to take an example. Consider that the five-user bits to be 
transmitted are 10110, then the codewords sent by the users will 
be 1, 0, 5, 6, 3, respectively. Using binary representation, the 
actual transmitted bits are (001, 000, 101, 110, 011). In the chan- 
nel, these three-bit patterns add up bit by bit to give the output 
223 (23rd entry in Table 2). 

Table 1: Codewords used 

Users’ bits Codewords (octal) output (z) 
12345 1 1 2 1 3 1 4 1 5  

1‘ 
00 1 110 4 
01 1 100 

1 1  00000 1 0 1 0 1 0 1 1 ) 3 1  012 
2 1  00001 1 0 1 0 1 0 1  1 1 4 1  101 

Five-user collaborative code with rate of 1.67 

A. Al-Sammak 

A new five-user collaborative code (CC) that has an overall rate 
(throughput) of 1.67 (5/3) is presented. A comparison is made 
between this upper l i t  and the throughput of the new code, it 
being found that the new five-user CC has 75% efficiency. 

Zntroducrion: Collaborative codes (CC) are not new, frst appear- 
ing in the literature in 1978 in a paper by Wolf [l]. A CC provides 
higher bitkhannel use than, say, TDM or FDM (time or fre- 
quency division multiplexing), by allowing multiple users to access 
the channel at the same time. The signals of each user are coded in 
the channel before transmission. The coded symbols are sent 
simultaneously, where they add up in the channel. CC codewords 
are selected such that each combination of the transmitted sym- 
bols is distinct. The receiver is then able to decode this combined 
message into its constituent codewords and deliver them to their 
respective users (Fig. 1). (In addition, it is possible to allow a sin- 
gle user to achieve this higher rate by splitting the data path). 

I sink T 

1465/11 
Fig. 1 Multiple access CC communication system 

MAC: multiple access channel 

The most widely published uniquely decodable CC codes are 
the two-user and three-user codes. The two-user code is composed 
of two constituent codes (C,, C2). The codewords for user 1 and 
user 2 are C, = (00, 11) and C, = (00, 01, lo}, respectively [2, 31. 
This code has an overall rate of 1.292 [4]. The three-user code, 
which has a rate of 1.5, is composed of the three constituent codes 
C, = (00, l l ) ,  C, = (10, 01) and C, = (00, 10) [5, 71. 

In this Jitter, a new five-user CC code, that has a throughput 
of 513, is presented. This code has been found using systematic 
computer search. 

Capacity/throughput of CC: The rate for any constituent code R, is 
given by 

R, = 1/N 
The total rate of a CC is given by 

R,,, = T x R, = TIN 

where T i s  the number of users in this T-user code, and N is the 
codeword length. For the five-user case, we have 

R,,, = 513 = 1.67 
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