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Abstract—The problem of joint transmitter and receiver beam-
forming in the downlink DS-CDMA over multipath fading chan-
nels is considered in this paper. The proposed investigation is
based on the array manifold concept and thus, the space-time
properties of the channel can be fully exploited, playing a cru-
cial role in the operation of blind channel estimation and inter-
ference suppression techniques. The beamforming weights are de-
signed to minimise the overall mean-squared-error (MSE) of the
system. An iterative solution to the optimisation problem is firstly
proposed under the system framework. A closed-form solution
based on channel eigendecomposition is then proposed. The con-
vergence of the iterative method to the closed-form solution and
the equivalence of the two methods are verified through numeri-
cal simulations. The performance of the proposed approach is also
supported by some illustrative examples.

NOTATIONS

A Scalar

A Column Vector

A Matrix

()" Transpose

() Conjugate transpose

[ Round up to the nearest integer

® Kronecker product

diag(A) Element-wise diagonalisation of vector A
diag(A) Column-wise diagonalisation of matrix A
exp(4) Element-wise exponential of vector A
On Zero vector of N elements

In Identity matrix of N x N dimension

1n A vector of ones with length N

I. INTRODUCTION

The explosive demand for wireless internet and multimedia
services requires more efficient techniques to be employed to
enable high data rate downlink transmission in DS-CDMA sys-
tems. The use of beamforming is considered as an effective
way to eliminate both multiple-access interference (MAI) and
inter-symbol interference (ISI). While receiver beamforming
has long been an active area of research, the physical limita-
tion of a mobile station (MS), such as the space and battery
power prohibits more advanced array processing at the MS.
Transmit beamforming from the base station (BS) to MS serves
as a powerful alternative for increasing downlink capacity and
it is based on criteria such as maximum signal-to-noise ra-
tio (MSNR) [1][2] and maximum pseudo signal-to-interference

plus noise ratio (PSINR) [2]. Currently more attention has been
directed to joint transmitter-receiver beamforming that offers a
performance advantage over transmitter-only, or receiver-only
beamforming and a computational burden balanced over both
ends of the transmission link. In [3], an iterative optimisation
scheme that minimises the overall mean squared error (MSE) of
the system is proposed over multipath channels. A generalized
framework is constructed in [4] that embraces the most reason-
able criteria of beamforming design. However, the geometry of
the array is ignored in all the above mentioned approaches and
this considerably limits the ability of antenna arrays in exploit-
ing efficiently the inherent space-time structure of the multipath
and multiple access channels. In [5], a mathematical model for
a receiver-only beamforming system has been derived based on
the spatio-temporal array manifold (STAR) vector. Utilising
the geometrical information provided by the manifold vector,
the proposed model offers a richer discription of the space-time
channel. The study presented in this paper will be based on
the array manifold concept for designing a joint transmitter-
receiver beamforming framework for “downlink” with signit-
icantly enhanced multiple-access interference suppression ca-
pabilities over multipath channels. Note that blind superreso-
lution channel estimation techniques based on the STAR mani-
fold concept have been developed [6] for uplink receiver beam-
forming systems; these techniques can be adapted for open loop
downlink transmission - though this is not straightforward.

In this paper, the problem under consideration is joint
transmitter-receiver beamforming in the downlink DS-CDMA
system over multipath fading channels. In Section II, the an-
tenna array system over space-time fading channels is mod-
elled. Small aperture arrays with half wavelength spacing are
considered in this paper due to the space limitation at the MS
and, furthermore, due to their capability in combatting ambigu-
ities and other negative side effects associated with large aper-
ture arrays. In Section III, two approaches for joint beamform-
ing are proposed under the MMSE criteria. The optimisation
problem is first solved iteratively. Then a closed-form solution
is derived based on the channel eigendecomposition. In Sec-
tion IV numerical simulations are presented. The proposed ap-
proaches are also supported by a number of illustrative exam-
ples showing a considerable performance improvement of the
proposed algorithm relative to other receiver/transmitter-only
beamforming algorithms. The paper is concluded in Section V.

1-4244-0353-7/07/$25.00 ©2007 IEEE

Authorized licensed use limited to: Finnegan Henderson Farabow Garrett & Dunner.‘lﬁ?o%loaded on January 05,2023 at 17:20:39 UTC from IEEE Xplore. Restrictions apply.

Samsung Exhibit 1013, Page 1 of 6



This full text paper was peer reviewed at the direction of IEEE C

ions Society subject matter experts for publication in the ICC 2007 proceedings.

MIMO Arrayed Fading Channel

DR St [ R ﬂY T
Spreadin: Lyl ector-Input Vector-Output :gj N . :|:
Data p! g Base Channel (1) } _ »|Discretiser U
= Station (1) GH Data
W, Ant w,
iy Array NxL Y
ser .
————1# Spreadin > Vector-Input Vector-Output Ll
Data m(t) ector-Tput vecor-Lutpu } _ D Discretiser | 4 :‘:
Channel (2) 21 User”
U [O:} z, ) \W ser's
w, v ' “h Data
O Nx1 : W, :
: ' '
N x1
M™ User Vector-Input Vector-Output ( L —+
F__5 ! Spreadin; P P P
Data P! 4 Channel () T _ P Discretiser[ A e
U z, @) \N Data
Wy, (Vector Adder)| @Z

Fig. 1.

K" Path

— Scalar
— Vector

Fig. 2. “Vector-Input and Vector-Output” channel model between transmit
antenna and receive antenna at the i user.

II. DOWNLINK SIGNAL MODELLING

Let us consider an M user binary phase-shift keying (BPSK)
DS-CDMA system with N transmit and N receive anten-
nas. Fig. 1 shows a typical arrayed system for joint
transmitter-receiver beamforming. The i user’s BPSK sym-
bols a;[n],¥n € Z are first spreaded with a unique spreading
code [a;[p] € £1,p =0,... N, — 1] of period N.. and a unity-
norm beamforming weight vector w,; € CV*! is applied before
transmission. The baseband transmitted signal is given by

M +o0 Ne—1
m(t) = Z v Pw, Z a;[n] Z a;[ple(t — nT,s — pTe)
i=1 n=-—00 p=0

D
with nTes +pT. <t <nlps+ (p+ 1)1,
where P; is the transmission power of the i" user; 7., and T,
are respectively the data symbol period and chip period; and
¢(t) denotes the unit amplitude chip pulse-shaping waveform
of duration 7.
Let us assume the transmitted signal arrives at the i user
via K; multipaths. Consider that the k™ path of the i user has

System architecture with transmitter and receiver utilizing antenna-array. The “Vector-Input Vector-Output” channel model is shown in Fig. 2 in detail.

the direction-of-departure (DOD) (61, ¢;;,) and the direction-
of-arrival (DOA) (0;1, ¢:1). Please note that a bar on the top
of a symbol represents a transmitter’s parameter. The symbols
Bir and 7, denote respectively the complex fading coefficient
and path delay of the k" path of the i" user. The propagation
channel can be modelled as a Vector-Input and Vector-Output
(VIVO) channel model as shown in Fig. 2. Based on this model,
the received baseband signal-vector of the i MS (user) can be
written explicitly as

K;
2, (t) =Y BuSuSpm(t — ) +n(t) (@
k=1

where n,(t) is the complex white Gaussian noise vector of co-
variance matrix Uf]l ~. The symbol S, represents receiver ar-
ray manifold vector and is defined as

Si £ (0, $ir) = exp(—j - [ 1y, 72] - Kit) (3)

where [r,,r,,r.] denotes the Cartesian coordinate of the
antenna-array elements and

2k,

. . T
ki, = - [cos 0;1 €OS @i, sin O, oS P, Sin Py

is the wavenumber vector pointing towards the direction
(@i, dir,) with F, the carrier frequency, ¢ the speed of light,
and (0,1, ;1) the azimuth and elevation angles of the direction-
of-arrival respectively. In a similar fashion is also defined the

transmitter manifold vector S, 2 (@i, #;,). Without loss of
generality, the elevation angle is assumed equal to zero in this
paper.

The discretised baseband signal vector z[n] is formed by
sampling x(t) with period Ty = 7, which is then passed
through a bank of NV tapped-delay lines (TDL) (see [5] for more
details). The multipath delay spread in this paper is assumed to
lie within the range [0, T,s), so a TDL of 2\ taps is capable
of capturing the delay spread. To model the discretised sig-
nal z;[n] at the output of the TDL, let us define the following
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Spatio-Temporal ARray (STAR) manifold matrix

Hi = (SuSix) @ (lte) € VNN
associated with the signals from the j™ transmitter-beamformer
(intended for any ;5" user) and received by the i user via the k"
path; ;5 = [7/T.] is the discretised multipath delay and the
matrix J (or JT) is a 2N, x 2N, time down-shift (or up-shift)
operator matrix given as follows

:{Q%ch_l 0}

5
Ton,—1 Ogpr 1 ©

and ¢; is the 4™ user’s spreading code sequence padded with

zeros of length NV, defined as
= [y[0],- ., [N,

By defining the vector a[n] = [a1[n], .. .,ax[n]]T which de-
notes the data symbols of all users, the discretised received
signal-vector z;[n] of the i mobile can be modelled as

e —1,0%.1" (6)

aln —1]

a[n]
a[n + 1]

z;[n] = [HY™", H;, ;™) (Is © W) +n,[n] (1)

G,

where n;[n] represents the discretised noise vector. The com-
posite channel matrix

H; = [H;q, H;0,...,H; m] € CHNNXMN
contains the channel matrices of all users’ signals that arrive at
the i user with H; ;¥j = 1,..., M modelled as

K, B
H; ; = +/Pj ZﬁikHik,j € CINNexN
k=1

Furthermore, the two matrices associated with the previous and
next symbols HF'" and HI, respectively, can be written as a
function of H; as follows:

H™ = (Iy © (I7))H
Hnext (H ®JN)

Finally, in Eqn. (7), the matrix W contains all the users’ trans-
mit beamforming vectors and is defined as follows
Wy, € CMNxM

W = diag[w, , w,, . . . (8)

III. JOINT TRANSMITTER-RECEIVER BEAMFORMING

Joint transmitter-receiver beamforming is characterised by
the interaction of the optimisation at both transmitter and re-
ceiver sides. The interaction procedure can be realised by an
iterative transmitter and receiver optimisation approach in this
paper. It is assumed that both the transmitter and receiver have
perfect knowledge of the channel, though subspace based blind

method developed in [6] can be applied to retrieve channel state
information. The beamforming weight matrix W at the trans-
mitter is fed to the receiver through a “feedback link” (close
loop approach). With the channel and weight information avail-
able, the receiver beamforming weight is first adapted accord-
ing to the MMSE criterion. By denoting the MMSE receiver
weight vector of the ™ user (MS) as w;, the receiver weight
vector can be constructed as

-1

G,

e —H
w; = [GiGi +U?]I2NNC} Paryi

&)
where G; has been defined in Eqn. (7) and Py is a column select
vector defined as p, = [07_;,1,05,,_4]" € C*M*! which

selects the k™ column of any pre-multiplied matrix. The output
signal of the i™ user (MS) is given as

yiln] = wi'z;[n]

After the weight vector at the receiver (MS) side has been con-
structed, each user’s transmit beamforming vector w;, Vi is op-
timised at the BS based on the minimisation of the MSE of all

users. That is
{z o] = ] }

It is important to point out that, as a consequence of apply-
ing the transmit beamforming weight w; Vi = 1,..., M, the
transmit power may increase. Thus, the transmit energy per bit
interval per user is constrained as follows

H

which is equivalent to

J= min &

’U ,U)N[

(10)

2
=P, VYi=1,....M

Jw|=1 Vi=1,....M

A. An iterative method based on Lagrange Multipliers

To solve the above constrained optimisation problem, the
method of Lagrange multipliers is employed so as to convert the
constrained minimisation problem into an unconstrained min-
imisation problem. Therefore, the augmented unconstrained
cost function is

M
J= mm 5{2}32[71 | —whz, n}|2}+Z/\i(||wi| -1)

1)
It can be proved (see Appendix) that, for given receivers’
weight vector w;, the optimal transmitter associated with the

i"™ user is given as follows
w, = (GIG; +Tyh) Hw, (12)
where
— (o W E™ ' E T e N (13
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In Eqn. (13), the receivers’ weight matrix W is defined as fol-
lows
W= diag([wlvw% e 7&]\4]) € C2NNC]MX]M

with w;, Vi = 1,..., M obtained using Eqn. (9). Further-

more, the matrix H; = [HY , HI ... HE, |7 € C2NNMxN

contains the channel matrices of the i user received by all M

users in the system. Given both the transmitter and receiver

beamforming vectors, it can be proven (see Appendix) that the

Lagrange multiplier is given by

N =T Hijw, - ol G G, (14)
From the above analysis, it can be seen that the transmit-
ter beamformer and the receiver beamformer as well as the

Lagrange multiplier are functions of each other, thus an iter-

ative algorithm is suggested to obtain the solution. Thus, the

proposed joint transmitter-receiver optimisation can be accom-
plished via the following steps.
1) The transmitter weight vectors w,, Vi are initialised as
N

2) The MMSE weight vector at each receiver w, V7 is calcu-
lated using Eqn. (9).

3) Given both the transmitter and receiver weight vectors,
the corresponding Lagrange multiplier \; is calculated
through Eqn. (14).

4) Using the receiver weight vector w; of step 2 and the La-
grange multiplier )\; obtained in Step 3, the transmitter
weight w,, Vi can be updated via Eqn. (12) and is then
normalised to have unity norm.

5) Repeat Steps 2-4 until a predefined convergence criterion
is reached.

B. A closed-form solution based on Channel Eigendecomposi-
tion

The iterative algorithm that has been derived requires steps
2-4 to be repeated until convergence is reached. In this section,
an approximate closed-form solution to the minimisation prob-
lem of Eqn. (10) is derived by performing the eigendecomposi-
tion of the channels. It can be proved that when users’ spread-
ing codes maintain good orthogonality, such as in a lightly or
medium loaded CDMA system, the joint transmitter-receiver
can be obtained in one step. Simulation results also show that
the iterative approach converges to the closed-form solution.

From Eqn. (10), the MSE of all users can be derived as

£ {_Z Jasfn] —w?xi[nnz}

M
J— 7H S
=§:&ﬁ%®@i+oﬁmMﬁg+lfng@MH
=1

15)

g ~H
BMHGi Mi}

M
CoHo \ 7!
- ZBAH[H <H3M +0,°G; Gi) Pori (16)

Note that Eqn. (15) is obtained by substituting z, [n] with Eqn.
(7). Then substituting w; with Eqn. (9) and using the matrix
inversion lemma', Eqn. (16) can be obtained. Furthermore, if
the columns of HY™, H; and HI** in @f are orthogonal to
each other, then o, Q@fl G; approximates a diagonal dominated
matrix and the matrix inversion in Eqn. (16) can be simply
realised by taking the reciprocal of the diagonal elements of
(Isps + 07 Q@ZH G;). Bearing in mind that py; is the selecting
operator, Eqn. (16) can be simplified as

M
Z(l + o' R; ;w;)

i=1

a7

where R; ; = ai_ZHfiHi,i. Obviously, to minimise Eqn. (17)
is equivalent to maximise w/ R;w;, Vi = 1,..., M. Based
on the Rayleigh-Ritz Theorem (see Chapter 4 in [7]), the upper
bound of @f{ R; ;w; is achieved if w;, is the principal eigenvec-
tor of R; ;, i.e.

w, = principal eigenvector of R; ;

18)

IV. NUMERICAL STUDIES

In this section, the performance of the proposed joint beam-
forming scheme is investigated through a number of numerical
simulations. Consider that both the transmitter (or base station)
and the receiver (or the mobile user) employ uniform linear ar-
rays of half-wavelength spacing. The system is operating in the
presence of M = 3 co-channel BPSK DS-CDMA users. Sig-
nals are transmitted to each user via 5 multipaths. The DOD
and DOA of each multipath are uniformly distributed within
[0,180°) and TOA of each path is randomly selected from a
uniform distribution between [0, 307}). The path fading coef-
ficients are complex Gaussian random variables and the mul-
tipath power sum for each user has unit magnitude. Each user
employs a unique Gold sequence of length NV, = 31 with rect-
angular chip pulse-shaping. The array is assumed to collect a
block of 200 data symbols for processing at each time. The
channel is assumed to be stationary during each data block and
the channel state information is available to both transmitter and
receiver.

Firstly, the MSE convergence curve of the proposed iter-
ative method is studied for various SNR levels. The trans-
mitter (BS) is equipped with an antenna array of 5 elements
(N = 5)while the receivers (MS) are equipped with 3-element
arrays (N = 3). The transmitter beamforming weights are ini-
tialised as w,; = l—\/%, Vi. Fig. 3 shows that the channel eigen-
decomposition method serves very well as a lower bound for
the iterative method for a lightly loaded system. Both methods
achieve the equivalent MSE level, however, it takes the iterative
method a number of iterations to converge. The closed-form so-
lution thus is more efficient to be employed at the transmitter.

1 Matrix Inversion Lemma: (A + BCD)™' = A= — A-1B(DA~'B +
C~1)"1DA~L. By substituting A = Ignr, B = G/, C =07 Iyyn, and
D = G, Eqn. (16) can be obtained.
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Fig. 4. Overall MSE performance of proposed methods in systems with varied
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Next, the CDMA system is extended to scenarios where the
number of users is very large. Three scenarios are consid-
ered,

o M =5 (lightly loaded system)

e M = 15 (medium loaded system)

e M = 31 (heavily loaded system)

and the overall MSE performance of the system is plotted in
Fig. 4. It is observed that, for systems with M = 5 and
M = 15, the convergence of the iterative method to the closed-
form solution is very well maintained. In these cases, the
closed-form approach instead of the iterative method can be
used at the transmitter. As the number of users in the sys-
tem increases, the orthogonality of users’ spreading sequences
degrades. A mismatch occurs when M = 31. In this case,
the iterative method still converges to the global minimum of
the cost function while the closed-form approach results in an
MSE level slightly higher than the iterative method. Thus, in
fully loaded systems, the iterative method is slightly better than
the closed-form solution. Without loss of generality, in the fol-
lowing discussion, a system of 3 users will be considered and
only the performance of closed-form solution will be plotted

bject matter experts for publication in the ICC 2007 proceedings.
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Fig. 5. BER performance of joint transmitter-receiver beamforming,
transmitter-only beamforming and receiver-only beamforming as different
number of transmitting antennas are employed (N = 1, 4, 8).

and compared with other existing methods.

Fig. 5 and Fig. 6 show respectively the BER and SNIR per-
formance of the proposed channel eigendecomposition scheme
as the number of transmit antennas increases while the num-
ber of receive antennas is fixed. In particular, the two figures
present the performance of the i™ user (taken as the desired
user) as a function of E,/Ny. The near-far problem is con-
sidered by setting the signal to interference ratio —10dB (i.e.
SIR= —10dB). For the proposed method, the number of re-
ceive antennas is kept constant at N = 2 while the number of
transmit antenna elements is N = 4 or 8. The performance
of two transmitter-only beamforming methods [1][2], namely
MSNR and PSNIR (extended to the space-time channel model
presented in this paper) are also present in Figs. 5 and 6. Note
that these two methods are designed to maximise the following
cost functions respectively,

— HoyH _
w; Hy Hi s,
2

max SNR; = : MSNR
w, i
w!'HH i, .
II%X PSNIR; = GFG, wl i i w107 PSNIR

=i

The transmit weight vector w, that maximises SNR; of
the ™ user (MS) is equal to the principal eigenvec-
tor of H{{ZH” In the case of maximising PSNIR,
w; is found to be the generalised eigenvector of
is defined in Eqn. (13). '

The STAR-2D-RAKE receiver and STAR-MMSE receiver
with N = 2 array elements employed at the MS are also
evaluated and their performance is shown in Figs. 5 and 6.
From these figures, it is clear that for transmitter-only beam-
forming schemes, the PSNIR outperforms MSNR (because of
PSNIR’s capability in suppressing co-channel interferences).
For receiver-only beamforming schemes, the MMSE receiver
performs much better than the RAKE receiver. It can be con-
cluded that as the number of array elements increases at the
transmitter, the BER and SNIR performances of the proposed
method outperform all the other methods in the given scenario.

Next, let us consider the situation when the number of trans-
mitter antenna elements N at the base station is kept constant
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Fig. 6. Output SNIR performance of joint transmitter-receiver beamform-
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number of transmitting antennas are employed (N = 1,4, 8).
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Fig. 7. BER performance of joint transmitter-receiver beamforming and
receiver-only beamforming as the number of receiver elements are chosen as
N =2,4,6.

while the number of receiver antenna elements N at the MS
receiver increases. It can be seen from Figs. 7 and 8 that
the proposed joint optimisation method improves the BER and
SNIR performance of the system. Note that the array set of
(N, N) = (4, 4) has a comparable performance to the receiver-
only MMSE beamformer with an array set of (N, N) = (1,6).
However, as there is a size restriction at the mobiles, by using
transmit beamforming at the BS the number of receive antenna
element at the MS can be reduced while a comparable perfor-
mance can still be achieved.

V. APPENDIX

Derivation of Wy, ..., Wy, and A1, Ao, ..., A\p:

Based on the unconstrained cost function in Eqn. (11), the M
weight vectors w;,Vi = 1,..., M are optimised individually
by taking the partial derivative of J w.r.t. w;, Vi. The gradient
is readily obtained as

oJ
w;
where G; is defined as in Eqn. (13).

Letting the gradient equal to zero, the solution to the above

equation is given by

w, = (GIG; +Iyh) " Hw, (19)

The transmit weight w; is then normalised in order to satisfy
the constraint |w,|| = 1. The Lagrange Multiplier A; can then
be derived from Eqn. (19) as

—H— _ —HyrH =HH e
AWy w; = wy Hiw; — o Gy G,
———

=1

=2G/ Gy, + 22w, — 2H w,

(20)

VI. CONCLUSION

In this paper, the problem of joint transmitter-receiver beam-
forming in a multipath fading environment has been studied. It
has been shown that by utilizing the STAR manifold concept,
the channel can be properly exploited in both space and time
domain. Both an “iterative” and a “closed-form” solution to the
optimisation problem have been provided. Numerical simula-
tions have shown that the proposed approach is more powerful
than some existing beamforming methods.
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