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ABSTRACT

Recently, a so-termed Chip-Interleaved Block-Spread (CIBS)
CDMA system has been introduced, which enables Multi-User In-
terference (MUI) free reception. This transceiver can be used in
the uplink as well as in the downlink. In this paper, we focus
on the downlink and compare the downlink CIBS-CDMA system
employing an MUI-free receiver with the conventional downlink
Direct-Sequence (DS) CDMA system employing a chip equalizer
receiver. The analysis, which is validated by simulation results,
reveals that CIBS-CDMA with an MUI-free receiver has a number
of advantages over DS-CDMA with a chip equalizer receiver.

1. INTRODUCTION

In a conventional downlink Direct-Sequence (DS) CDMA system,
Multi-User Interference (MUI) can be removed completely in a
frequency-flat fading channel, due to the spreading code orthogo-
nality among different users. However, as the chip rate increases,
the underlying channel becomes frequency-selective. Frequency-
selectivity introduces Inter-Chip Interference (ICI), which destroys
spreading code orthogonality at the receiver, and therefore causes
MUL

In [2], [1], [3], a class of chip equalizer receivers has been de-
veloped to suppress MUI in a downlink DS-CDMA system. This
kind of receivers share the simple idea of first linearly equaliz-
ing the frequency-selective channel to restore completely, or par-
tially, the multi-user signal transmitted from the base station at
the chip rate, and then correlating the result with the spreading
code to decode the information symbols of the desired user. DS-
CDMA receivers equipped with Zero Forcing (ZF) or Minimum
Mean Square Error (MMSE) chip equalizers have been shown to
offer significant performance gains over the conventional RAKE
receiver, [2], [1], [3).

Recently, a so-termed Chip-Interleaved Block-Spread (CIBS)
CDMA system has been introduced, which maintains spreading
code orthogonality at the receiver even after frequency-selective
propagation, and thus enables MUI-free reception [5]. This trans-
ceiver can be used in the uplink as well as in the downlink. Focus-
ing on the downlink, and comparing the downlink CIBS-CDMA
system employing an MUI-free receiver with the downlink DS-
CDMA system employing a chip equalizer receiver, we obtain the
following interesting results:

e CIBS-CDMA systems with an MUI-free receiver guarantee
channel-irrespective symbol recovery, whereas DS-CDMA sys-
tems with a chip equalizer receiver can only guarantee symbol
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detectability if one uses multi-antenna reception and/or oversam-
pling, provided that the underlying channels have no common ze-
1os.

o For a single-antenna reception that is not oversampled, CIBS-
CDMA systems with an MUI-free receiver provide reliable bit
error rate performance, whereas DS-CDMA systems with a chip
equalizer receiver require muliti-antenna reception and/or oversam-
pling. However, since oversampling does not provide as much gain
as multiple receive antennas, the use of multiple receive antennas
is generally advocated, which increases the cost of the mobile.

¢ In CIBS-CDMA systems with an MUI-free receiver power con-
trol can be used effectively and optimal power allocation is simple,
whereas in DS-CDMA systems with an MMSE chip equalizer re-
ceiver this is not the case.

o For the same spreading gain, the CIBS-CDMA system with an
MUI-free receiver is generally less complex than the DS-CDMA
system with a chip equalizer receiver.

e For the same spreading gain, both systems can afford approxi-
mately the same maximal intra-cell user load, and exhibit compa-
rable robustness against inter-cell interference.

e For the same spreading gain, the CIBS-CDMA system with an
MUI-free receiver outperforms the DS-CDMA system with a chip
equalizer receiver, for moderate and high user loads.

Notation: Bold upper letters denote matrices, bold lower let-
ters denote column vectors; (-}7, (-)¥, and (-)! denote transpose,
Hermitian transpose, and pseudo inverse respectively; ® denotes
the Kronecker product, and 4[-] denotes the Kronecker delta; E{-}
stands for ensemble expectation; Ix denotes the K x K identity
matrix, and Oprx v denotes the M x N all zero matrix. In this
paper, ¢ is used for block index, k& for symbol index, n for chip
index, and u for user index.

2. UNIFYING SYSTEM MODEL

In this section, we present a unifying system model for downlink
DS-CDMA and downlink CIBS-CDMA. At the base station, both
systems convert the information symbol sequences {s.[k]}Y =1,
where s, [k] is the uth user’s information symbol sequence, into
a multi-user chip sequence z[n]. For both systems, this conver-
sion can be viewed in a block spreading framework as follows: the
information symbol sequence s.[k] is first serial-to-parallel con-
verted into the sequence of K x 1 information symbol blocks
8u[i] = [su[iK],...,s.[(i + 1)K — 1]}7. Each K x 1 infor-
mation symbol block §, [¢] is then spread by an N x M spreading
matrix C,[¢] to obtain the N' x 1 chip block x,[i] := C,[i]5.[i].
Each sequence of N x 1 chip blocks x,[i] is then weighted by a
weight A, to control the near-far effect, and the results are added
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together to obtain the sequence of N x 1 multi-user chip blocks

U~1 U-1
x[i] := Y Auxu[i] =Y AuCulilsulil- 1))

u=0 u=0

The sequence of N x 1 multi-user chip blocks x[4] is finally par-

allel-to-serial converted into the multi-user chip sequence z{n],
which in block form can be written as [z[iN], ..., z[(i + 1)V —
1])T := x[i). The difference between downlink DS-CDMA and
downlink CIBS-CDMA then boils down to a difference in the de-
sign of C,[z], which we will describe further on.

After the information symbol sequences {s. [k]}7-; are con-
verted into a multi-user chip sequence z[n], the latter is transmitted
atrate 1/T,. Suppose now that the desired mobile is equipped with
M. receive antennas, and that each receive antenna is sampled at
rate M, /T., where M, denotes the oversampling factor. Then, the
system can be viewed as having M = M, M, outputs that ar¢ sam-
pled at rate 1/T.. The received sequence at the mth output (m €
{0,1,..., M —1}) will be written as y[n] = 3L kb [lan —
I} + em[n], where h,[1] is the channel from the base station to the
mth output with known upper bound on the order L, and em[n]
is additive noise at the mth output. If we serial-to-parallel convert
the received sequence ym [n] into the sequence of N x 1 received
blocks ym[i] := [ym[iN], ..., ym[(i + 1)N — 1]]7, and select
the transmitted block size N > L, we obtain the following block
model for the mth output:

ymlil = HYx[i] + HYx[i ~ 1] + em[i], )

where H'Y is the lower triangular V x N Toeplitz matrix with first
column (hm[0], ..., hm[L],0, ..., 07, HS is the upper triangu-
lat N x N Toephtz matrix w1th ﬁrst row [0 ,0,hn[L],.
hm[1]}7, and e [i] is defined similar to y,.[3). The second term
represents the so-called Inter-Block Interference (IBI).

Let us now describe the difference between downlink DS-
CDMA and downlink CIBS-CDMA, which boils down to a differ-
ence in the design of C, [%), as we mentioned before. Both systems
assign to each user a distinct P x 1 spreading code c,. Moreover,
the spreading codes are designed to be mutually orthogonal, i.e.,
cley = blu—u').

For downlink DS-CDMA, the spreading matrix C,[z] is then
designed as

C.li] = TD.[i], with D.[i] = Ali](Ix ®cu), ()

where T := [Ixp,0xpx.]T,and Afi] isa KP x K P diagonal
matrix holding on its diagonal the overlay (long scrambling) code
symbols with modulus 1. Note that K should be viewed here as the
frame length, which justifies the insertion of a zero guard through
the matrix T in (3). At this point, let us also introduce the sequence
of K P x 1 chip blocks without zero-padding z. [i] := D, [:]8.[d],
the corresponding sequence of K P x 1 multi-user chip blocks

il =3 Auzalil = S ADLBE, @

=0 u=0
and the corresponding multi-user chxp sequence z(n], Wthh in
block form can be written as [2[iK P, ..., z[(i+1)KP-1]]T

z[i].
For downlink CIBS-CDMA, on the other hand, the spreading
matrix C,[i] is then designed as

C.[i] = Du[H|T, with D.[i] = (Alf]cs) ® Ix4r, (5)

where T := (Ix,0xxt]7, and A[i] is a K x K diagonal matrix
holding on its diagonal the overlay (long scrambling) code sym-
bols with modulus 1.

Observing from (1) and (2) that both designs remove the IBI,
since HR)C,[i — 1] = Onxx, Vu € {0,1,...,U — 1}, both
systems can be described in a unified form by the following IBI-
free model for the mth output:

ym[i] = HDx[i] + enli]

U-1
=HY (Z AuCu[i]éu[i]) + emlil. (6)

u=0

Stacking {ym(i]}m=o as ¥[i] := [y3[i],- .., yir-1[i]", we can

thus write

vli] = HOx{i] + fi]

- HO (f: Aucu[iléu[i]> +eli], ™

u=0

where H® := [H®T, ... H®T)T, and ed] is defined similar
to y[i]. Using this unifying system model, we next describe the
chip equalizer receiver for downlink DS-CDMA, and the MUI-
free receiver for downlink CIBS-CDMA.

2.1. Chip Equalizer Receiver for Downlink DS-CDMA

Using (1), (3), and (4), we obtain that x[i] = Tz[z]. Hence, we
can rewrite (7) as

y[il = HOx[i] + e[i] = HOTz[i] + e[i].

The chip equalizer receiver now equalizes y(z] in order to obtain
an estimate for z(i], using a block chip equalizer G = [Gao, ..
Gpr-1], where G, isa KPx (K P+ 72 Toeplitz matrix with ﬁrst
column {gm(D},..., gm[Lg],0,.. , and first row [gm (D],
..,gm[0],0,...,0], with gn{l] denotmg the Lgth order chip
equalizer for the mth antenna. Note that this formulation intro-
duces a delay of D chips. As an estimate for zi], we then obtain

3(i] = Gy[i] = GHOTz[i] + Geli]
= Ylilg = Z[i]#g + Elilg, ®

where Y[i] := [Yolt],..., Yam_1[i]], with Y, i) a KP x (Ly +
1) Toeplitz matrix with first column [y, [¢(KP + L) + D),...,
ym[i(KP + L) + D + KP — 1]]7 and first row [ym [¢(KP +
L)+D],...,ym[i(KP+L),0,...,0l,8 := (&0 ..., Ba-1]"s
with gm 2= [gm[0], ..., gm[Lg]]T, Z[il isa KP x (L + Ly + 1)
Toeplitz matrix with first column [2{{K P+ D), . . ., z[(i+1) K P—
1},0,...,0)7 and fistrow [2[iKP + D}, ..., z[iK P],0,...,0],
H:=[Ho,...,Hry-1],withH, the (L + Ly +1) x (Lg + 1)
Toeplitz matrix with first column [hm 0], ..., km[L],0,...,0]7
and first row [, [0), 0, . . ., 0], and E[4] is defined similar to Y [i].
The third equality in (8) is basically due to the commutativity of
the convolution operator.

Note that the Zero-Forcing (ZF) chip equalizer g only exists if
the (L + Ly + 1) x M(Lgy + 1) channel matrix # has full row
rank L + Lg + 1, which requires M(Lg +1) > L+ Ly + 1,
and the channels {h»[l]}¥ -3 to have no common zeros. Let us
now assume that the ¢ sequence 2[n] is white with variance o7, the
sequences {em(n]}2 23 are mutually uncorrelated and white with
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variance o2, and K — oo. The ZF and MMSE chip equalizers
can then be expressed respectively as:

P =1 (HHT) b,
gV M5 = HT (UK + (02 /o) ILer,1) iD,

where ip denotes the (L + Ly + 1) x 1 unit vector with a one in
the (D + 1)st position. These expressions correspond to the ones
presented in [3], and will be used to perform the simulations.
Exploiting the fact that D[] possesses mutual orthogonality
among users, the chip equalizer receiver then despreads z[i] with
(1/A4)Dy[] in order to obtain an estimate for 8.[z}:

Suli] = (1/4.)Dy [i)2(3]. ®

2.2. MUI-free Receiver for Downlink CIBS-CDMA

Using (5), we obtain from [5] that C,[i] lies in the column space
of D, [i] after propagation through a frequency-selective channel:
HOC,[i] = D, [HQ T, where HY is the (K + L) x (K +
L) lower triangular Toeplitz matrix with first column [h,[0],. ..,
hm{L],0,... ,0]7. Hence, we can rewrite (6) as

U-1
sl =12 (32 Al + enl
u=0
U-1 o
=" ADL[HD TS, [i] + emli]. (10)
u=0
Exploiting the fact that D, [i] possesses mutual orthogonality
among users, the MUI-free receiver now despreads y,[i] with
(1/A.)DyJd] in order to obtain an MUI-free output for the mth
output of the uth user:

Fumlil = (1/4)D [ilym[i] = HOTS.[6] + &uomlil,

where &, m[z] is defined similar to yu m[i). Stacking
{Fumlillmzo 8 Fuli) = Flolil, -, ¥s,m-ali}", we can
thus write o

yuli] = HOT5,[i] + &ui) an

where H® := AT, ...
to ¥.[4).

The MUI-free receiver then equalizes §.(i] in order to ob-
tain an estimate for 5, (4], using a block symbol equalizer G.
[Guo,-.-,Gu,rr—1], where G m isa K x (K + L) matrix w1th
no particular structure. As an estimate for 8, [z], we then obtain:

I:ISS;)T L)%, and &,[i] is defined similar

8uli] = Guyuli] = G.HOTE,[1)) + Gusuli).  (12)

Note that the ZF block symbol equalizer G, always exists,
since the (K + L) x K channel matrix F{2T by construction
has full column rank K, regardless of the channel hy,[I]; and thus,
the M(K + L) x K channel matrix H(®)T also has full column
rank K, regardless of the channels {hm[l]}m—u Let us now as-
sume that the sequence sy [k] is white with variance o2, and the
sequences {em [n}}X =2 are mutually uncorrelated and white with

variance 2. The ZF and MMSE block symbol equalizers can then
be expressed respectively as:

F = (ﬁHﬁ)—lﬁH,
GMMSE — (H7H + o2 /(A20))Ix) .

These expressions will be used to perform the simulations.

3. CIBS-CDMA VS, DS-CDMA COMPARISONS .

3.1. Symbol Detectability

In CIBS-CDMA systems employing an MUI-free receiver, chan-
nel-irrespective symbol detectability is guaranteed, since the
M(K + L) x K channel matrix HT in . (1) has full column
rank K, regardless of the channels {hm [l]}m_0 For DS-CDMA
systems employing a chip equalizer receiver, on the other hand,
symbol detectability can only be guaranteed if the (L + Ly + 1) x
M(Lg + 1) channel matrix #{ in (8) has full row rank L+ Lg + 1,

ie., if M(Lg + 1) > L + Ly + 1, which requires M > 1,

and the channels {hn[l]}Y 3 have no common zeros. Hence,

channel-irrespective symbol detectability can never be guaranteed.
From the equivalence between symbol detectability and diversity
gain [4], we deduce that the CIBS-CDMA system enjoys a larger
diversity gain than the DS-CDMA system.

3.2. Single Antenna vs. Multiple Antennas

For M = 1, CIBS-CDMA systems with an MUI-free receiver
provide a reliable bit error rate performance. For DS-CDMA sys-
tems, on the other hand, it is clear from the previous paragraph
that for M = 1 the ZF chip equalizer receiver does not exist,
and the performance of the MMSE receiver saturates at high SNR.
Hence, we need M > 1. However, since oversampling does not
bring as much gain as mulitiple receive antennas, previous papers
strongly propose to use multiple receive antennas, which of course
increases the cost of the mobile.

3.3. Power Control

It is well-known that power control should be used in the down-
link to combat near-far effects. Specifically, since faraway users
see more power attenuation than nearby users, we may want to
transmit more power towards the faraway users than towards the
nearby users. However, if the users are not completely decoupled,
the nearby users will see more interference due to the power boost
for faraway users, and the overall system performance will drop.
This is the case for downlink DS-CDMA systems with an MMSE
chip equalizer receiver. Hence, in such systems, power control
can not be used effectively, and optimal power allocation is com-
plicated. Downlink CIBS-CDMA systems with an MUI-free re-
ceiver, on the other hand, completely decouple the users. Hence,
increasing the transmit power of a certain user will not affect the
performance of the other users. Therefore, power control can be
used effectively, and optimal power allocation is simple.

3.4. Complexity

To make more detailed comparisons between both systems, let us

from now on assume a constant spreading gain G. Hence, we as-

sume

Kdana + L — (Kciba + L)Pcibs (13)
K ds K, cibs ’

where K4, and K, :»s denote the information block size for DS-

CDMA and CIBS-CDMA, respectively, and Py, and P.;, denote

the code length for DS-CDMA and CIBS-CDMA, respectively.

Since the chip equalizer receiver is designed to be applied on larger

blocks than the MUI-free receiver, we further assume

G =

Kas > Keibs- (14)
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The complexity of the chip equalizer receiver and the MUI-
free receiver can be expressed as M(Ly, + 1)Ps, + Pa, and
M(Kci'bs + L) + M(Kciba + L)/KcibaPciba multlpl)"‘add op-
erations per symbol, respectively. For both expressions, the first
term corresponds to the equalization complexity, and the second
term to the despreading complexity. Generally, the MUI-free re-
ceiver is less complex than the chip equalizer receiver. To illus-
trate this, choose K, >> L. From (13) and (14), we then obtain
G = Py, = Peibs. In this case, the MUI-free receiver is less com-
plex than the chip equalizer receiver if Keips < LgG + G/M,
which is generally the case, even though K.i;, is chosen to sat-
isfy: Kcips > L.

3.5. Maximal Intra-cell User Load and Inter-Cell Interference

The maximal intra-cell user load as well as the robustness against
inter-cell interference (using the overlay code) are closely related,
since they both depend on P. From (13) and (14), it is clear
that Py, > P.ips, Which would mean that the DS-CDMA sys-
tem can afford a higher maximal intra-cell user load, and is more
robust against inter-cell interference than the CIBS-CDMA sys-
tem. However, when choosing Keips > L, we obtain G & Py =
P.;ps, as discussed above, and both systems can afford approxi-
mately the same maximal intra-cell user load, and exhibit com-
parable robustness against inter-cell interference. In this context,
note also that the performance of the MUI-free receiver does not
depend on the intra-cell user load U, while the performance of the
MMSE chip equalizer decreases with increasing U. This is also
illustrated in the next section.

3.6. Simulations

Let us now take a look at some performance results, assuming
there is no inter-cell interference, and the different users have equal
power. We consider a chip rate of 1/T, = 1.2288 MHz. Focus-
ing on a delay spread of about 10 us, we assume 4 equal power
Rayleigh fading paths with the first positioned 12 chips away from
the last, and the other two positioned randomly in between. We
further consider a root raised cosine filter at transmitter and re-
ceiver, with roll-off factor @ = 0.22, and truncated after 5 chips
on each side. Hence, as-an upper bound on the channel order we
may take L = 32. We further consider BPSK signaling, and
take Kgs = 508, Kcins = 127, Pys = 40, Peips = 32, and
Ly, = L = 32. Note that for this set of parameters, both (13)
and (14) are satisfied, and the MUI-free receiver is less complex
than the chip equalizer receiver. To keep the simulation time small,
we have chosen the difference between Py, and P.;s not too
small, but in practice this difference can be taken much smaller
in order to guarantee approximately the same maximal intra-cell
user load, and comparable robustness against inter-cell interfer-
ence (see previous subsection). Figure 1 shows analytical and
simulation resuits for both systems. Clearly, the ZF chip equalizer
performs much worse than the MMSE chip equalizer. The bad per-
formance of the ZF chip equalizer is due to the excessive noise en-
hancement this equalizer causes in the presence of ill-conditioned
channels. The ZF and MMSE block symbol equalizers applied
in the MUI-free receiver, on the other hand, have similar perfor-
mance. Furthermore, for the same number of receive antennas M.,
oversampling factor Mj, and user load U, the CIBS-CDMA sys-
tem with an MUI-free receiver outperforms the DS-CDMA system
with a chip equalizer receiver, if the user load U is not too small.

CIBS CDMA versus DS CDMA (analysis)

Recelver SNR in dB

CIBS COMA versus DS COMA MMSE recelvers (simulstions)

& 10 T
10 ' s
3 » Mg=2
-4 DS,M=1,M=1,u=1§"
107 -« DS,M.=1, M_=1, U=3
- 4- DS,M=2M=1,U=1§:
P Mq=2, M =1, U=30
- g- DS, M=1,M=2, U=1
wa-  DS,M=t.M=2,U=30!
107
o 5

10
Receiver SNR in dB

Fig. 1. Performance comparison: DS-CDMA vs. CIBS-CDMA.
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