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ABSTRACT

The performance of three downlink beamforming techniques in
a TDMA/FDD context is investigated in the present work. Two
techniques based on the uplink processing are studied together
with a decoupled space-time structure that provides the antenna
weights. The third one is a downlink beamforming technique,
based on the spatial covariance matrix, which is independent of
both uplink structure and algorithm. The performance of these
techniques is analyzed by simulations for some parameters like
angular separation between users and angular spread. The
simulation results show that the three techniques are suitable for
downlink beamforming but the technique based on the spatial
covariance outperforms the other two.

1. INTRODUCTION

Evolutionary 3G mobile communication systems promise to
deliver high data rate services such as video and Internet access.
During the last years, space-time processing and adaptive
beamformers have been widely studied as a feasible and
interesting solution to enhance the performance of the wireless
communications systems so that such new services could be
provided.

As far as capacity is concerned, the reverse link has been
considered to be the limiting one for typical 2G systems.
However, in 3G systems, the major impairments to provide
higher data rates are in the downlink, due to the internet traffic
and its asymmetric nature (download/downlink rate >>
upload/uplink rate). The achievement of spatial processing
algorithms in the base station is also more challenging in the
downlink, since the transmission must be carried out without a
previous knowledge of the wireless channel conditions.

In fact FDD (frequency duplex frequency) system is
characterized by the difference between uplink and downlink
carrier frequencies. Then when an antenna array is employed for
spatial processing, the steering vectors in the uplink and in the
downlink are not the same, even if the physical distance between
the elements of the array is fixed. This leads to different
distances between the elements in terms of wavelengths for both
links so that different antenna weights must be used in order to
synthesize the same radiation pattern. Furthermore, in most
practical systems the duplex frequency distance is larger than the
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channel coherence bandwidth, i.e. the uplink and downlink
channels are decorrelated [1].

If the present parameters of the downlink channel are not
available to provide the derivation of the array weights and since
such weights are normally different than the uplink ones, they
must be obtained by an approximate way. The methods can be
based on a given mapping of the uplink weights or even by using
an estimation of some parameters related to the downlink
channel.

The objective of the present work is to provide a comparative
analysis of possible methods to be employed in the calculation
of the radiation pattern for the downlink antenna array. The
evaluation is carried out by taking into account some systemic
parameters like the angular separation between the users and the
angular spread.

Three different approaches will be compared in this paper:

e The direct algorithm, which is just a direct employ of
the uplink antenna weights, provided by some already
existing uplink processing in the base station.

e The uplink algorithm, where the uplink weights vector
is now mapped in order to provide the downlink one. In
fact the direct algorithm is a trivial particular case of this
one.

e The downlink algorithm based on the calculation of the
downlink antenna weights using an estimation of the
downlink spatial covariance matrix. The estimation can
be obtained by a linear transform of the uplink matrix.

The first and second methods allow to use the set of antenna
weights generated by a given uplink algorithm.

Another contribution of this paper is the proposition and the
performance evaluation of the joint employ of the uplink
algorithm together with a decoupled space-time structure [2],
from which the uplink weights are obtained. In fact the use of
such a decoupled space-time processing establish a duality
between both link, since in downlink the spatial filter (in the
base station) is obviously separated from the equalizer (in the
mobile phone). Clearly, such approach cannot be used for the
downlink algorithm since in this case the uplink weights are not
used to obtain the downlink ones.

This paper is organized as follows, first we present the signal
and propagation modeling where the antenna array, the space-
time channel model and the mobile received signal are
described. Section 3 presents the three different approaches



together with the uplink to downlink frequency transposition and
the decoupled space-time structure used in the uplink. Therefore,
some simulation results in an IS-136 TDMA context are
presented in section 4. Finally, in section 5, we draw some
conclusions and present some future perspectives.

2. SIGNAL AND PROPAGATION
MODELING

Let us consider a base station that employs the same linear
antenna array for up- and downlink. The gain and phase of the
antenna elements (taking the first antenna as a reference), as a
function of the azimuth direction @, are given by the complex-
valued steering vectors d“*(9) and d” (@), in the up- and
downlink, respectively. In the case of a linear array of uniformly
distributed omnidirectional antenna elements, as depicted in
figure 1, d” (@) is given by

dot (9):[1 exp(— j27§7fDLdsin(9)/C) )
exp(— (M — 1211 P dsin(6) / c))"

where f”* and d , are the carrier frequency of the downlink and

antenna elements spacing, respectively. The parameter M is the
number of antenna elements in the array. Correspondingly, the
uplink steering vector is calculated with the same antenna
elements spacing but with the carrier frequency of the uplink
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Figure 1. The Uniform Linear Array.

As far as the base-band model of the downlink is concerned, the
multidimensional impulse response between the antenna array at
the base and the single antenna at the mobile is denoted by

h? (t,7), where ¢ is time and 7 is delay. Such function is

complex-valued and time-dependent. The vector of signals to be
transmitted from the multiple antennas in the base station,

xPH(¢), is given by
X7 ()= wPs(1) 2

where w?" is a vector of complex weights (used for downlink
beamforming) and s(¢) is the waveform modulated by the

transmitted bits. The signal received at the mobile is, therefore,
given by

! In the case of transmission to multiple mobiles on the same carrier at the
same time, the signals to the different mobiles are superposed, i.e.

X7 ()= Y wits ()
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where 7 denotes complex conjugate transposition. Considering

the transmitted signal s(¢) generated by a linear modulation, it

can be written as
st)= ZIqDLp(t—qT) “)

where [ fL are the downlink symbols, p(t) is the modulation

pulse shape and 7' is the symbol period. Combining (3) and (4),
the following relation between the symbols transmitted from the
base, fL , and the signal sampled at times ¢t = nT at the mobile,

is obtained

+oo
un =WDLH zlnfkhk(t) (5)
f=—oc0
where the discrete-time impulse response of the channel h, () is
given by the time-dependent expression:

+oo

ho ()= [W™(7)p(kT ~ )z 6)
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Assuming that the propagation can be described as the sum of P
rays, the impulse response h”* (¢,7) can be written as

P
h™ (e,7)= Y o expljomd e+ o W™ (60,0 (c-7,) @)
I=1

where @, , dlDL, (plDL, 6, and 1, are respectively the path

attenuation, Doppler frequency, phase-offset, azimuth direction
(observed from the base) and the delay of the /th ray, while
8(r) denotes the Dirac function. It should be emphasized that

the path attenuation, azimuth direction and delay are frequency
independent, therefore they are the same for up- and downlink.

Assuming that the azimuth angle of the /th is ¢, when the

speed vector of the mobile is used as the reference, the Doppler
frequency 4" is given by

ape L2 coslby ®)
c

where fP, v and ¢ are the downlink carrier frequency, the

mobile speed and the speed of the light, respectively. The ray
parameters P, ¢, dlDL, (plDL, 0, and t, vary with time.

However, the Doppler frequency ¢ and the phase-offset ¢,

are assumed to be practically fixe during a time slot. The number
of rays P, the path attenuation ¢, , the azimuth direction 9, and

the delay 7, are also presumed to be fixe during a couple of time
slots. Combining (6) and (7) yields

h, ()= ggl ()™ 6,)p(kT-1,) )



where ¢ 1(1) is the gain function including the attenuation and

the complex exponential. This gain function is the fading
associated with each path. Despite the time-invariance of all the
considered parameters, there is an inherent variability due to the
fading. Figure 2 shows the Jakes’ model [3] that considers a
circular group of scatterers around the mobile for each path.
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Figure 2. Jakes’ model with Angular Spread.

Each scatterer generates different Doppler shifts df’f,, phase-
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offsets [0) and azimuth directions 0,,- The sum of all the rays

arriving from this group of local scatterers generates the /th path
in equation (7) with azimuth direction @,. It is important to

notice the angular spread included by this model, i.e. the concept
of a single and defined DOA (direction of arrival) is replaced by
the notion of a cone that contains all the incoming rays from this
group of scatterers. The width of this cone is the angular
spread A.

Defining the local-mean symbol energy, at time ¢, as

. 1 ty+T,/2
E=— jE{unu: (10)
T t=t,-T,/2

where E{} denotes the statistical expectation operator and 7, is

a time-interval short enough for the ray parameters to remain
fixed and long enough for the integration to converge.
Combining (5), (9) and (10) yields

7 — whLl c 2 4DL pL DL (11)
E=w z‘g/‘ d (Ol)d (91)
I=1

where ‘ gl‘z is the mean-power of the fading g (¢) and, without

loss of generality, the follow normalizations were made

EI* =1 (12)
and
[ plexz=1 (13)

Recognizing the downlink spatial covariance matrix R”" as
P
R = z‘gl‘deL (el)dDLH (91) (14)
[

(11) can be written as

E:wDLHRDLwDL (15)

Similarly, the uplink spatial covariance matrix RY" can be
written as

.
R% =Yg [*d"(6,)d"" (6,) (16)
I=1

where the mean-power of the fading ‘ g1‘2 is the same as in the

downlink.

3. DOWNLINK BEAMFORMING

Let us consider the situation where one base station is
transmitting simultaneously and on the same frequency to
U mobile users. The purpose of the downlink beamforming is to

generate a set of antenna weights {w f)L ’wa . ,,,ng }, one for

each user, so that a satisfactory SIR (signal to interference ratio)
is provided for all users.

The principle is to transmit in the directions of all user multipaths
and mitigate the other users. We preserve all the user multipaths
so that the energy is transmitted in different directions, hence
some degree of spatial diversity is provided for the mobile
receiver. However, equalization needs to be done in the mobile in
order to mitigate the eventual ISI (inter-symbolic interference)
introduced by the multipaths. A pre-equalization at the base
station is not feasible as long as the downlink channel is
unknown.

In order to transmit into the correct directions for each user, the
set of weights must be obtained in according with an efficient
algorithm. As it was previously mentioned, these techniques need
some sort of uplink to downlink transposition of the antenna
weights or the covariance matrix. The three approaches under
study are analyzed in the sequel.

3.1 Uplink to Downlink Transposition

Due to the frequency duplex distance between up- and downlink,
the steering vectors are not the same. However, a linear
transformation that provides the best estimation of the downlink
steering vectors from the uplink one is proposed in [4]:

d”(9)=Td" () (17)

Introducing the downlink calibration table of the antenna array
as the matrix that contains the downlink steering vectors for a set
of azimuth directions {91 ,0,,...,0, }

p” =|a”(,) a"6,)

a*0,)] 0¥

and likewise for the uplink calibration table

DY =|a"6) a”6.)

av)| 09

the transformation that minimizes the mean square error between
the true downlink steering vector and the estimated one is given
by



T=p"p*" [prrp” | (20)

Hence, this transformation can be used to transpose the antenna
weights from uplink to downlink

wo =T "W 1)

The only parameters that are not link-dependent are the path
attenuation oy, Or mean-power, azimuth direction 0, and path

delay 7,. These parameters are all mean values of the mobile

channel response. Besides, the up- and downlink spatial
covariance matrices are composed by a sum where the same
mean-power of the fading and the up- and downlink steering
vectors for the same azimuth directions are involved.

Hence, in order to transpose the spatial covariance we only have
to transpose the steering vectors, resulting in

RDL — TRUL TH (22)

Physically, in a multipath model, the up- and downlink share the
same paths, with the same average path attenuations, the same
azimuth directions and the same path delays.

3.2 Uplink Space-Time Structure

The space-time structure to be used in the uplink is proposed in
[2]. The adaptation process of the antenna weights makes use of
a modified training sequence, obtained by filtering the original
one by a channel estimator. In such structure, the mitigation of
CCI (co-channel interference) and ISI (inter-symbolic
interference) are done in different stages [5], as shown in figure
3. The mitigation of ISI is performed by a temporal equalizer,
which is decoupled from the antenna array. Such procedure
constrains the task of the antenna array just on the CCI
cancellation. Then a greater degree of freedom is attained for the
array, since it does not take care of the desired user multipaths.

As far as downlink transmission is concerned, the multipaths
preservation results in a more suitable antenna pattern, after the
weights transform. Moreover, there is a great similarity between
this structure and the whole downlink processing, where the
spatial processing is done at the base station and the equalization
at the mobile.
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Figure 3. Decoupled Space-Time structure (D-ST).

3.3 Direct Algorithm and Uplink Algorithm

In these two algorithms, we make use of the uplink processing to
obtain the downlink antenna weights. In both, we use the
proposed decoupled structure and the RLS (recursive least
squares) algorithm for adaptation. After the training period, we
obtain the antenna weights to be used for SIR calculation.

The direct algorithm simply employs the uplink antenna weights
for the transmission, without any kind of post-processing. On the
other hand, the uplink algorithm makes use of the frequency
transposition to generate the equivalent downlink antenna
weights.

Consequently, the direct and the uplink algorithms are tied to the
uplink structure and greatly dependent on the uplink processing
performance.

3.4 Downlink Algorithm

The downlink algorithm is based on the maximization of the
SPR (signal to pollution ratio). Where by signal we mean the
power that the desired user receives and pollution is the total
power received by all other users. For the desired user i, the
received signal power is given by

S, = piwiDLHRiDLWPL (23)

i

where p., wP* and RP* are respectively the transmission

power, the downlink antenna weights and downlink spatial
covariance matrix of user i. Furthermore, the pollution power
with respect to the user i is given by

_ pLf 3y DL DL
F=pw;" R, w, 24)

1
where RQL’ is the so-called pollution matrix of user i, given by

U
DL _ DL (25)
Rp,f - ZRJ
=l
/?l

Hence, the downlink antenna weights for user i is obtained by
the maximization of the following criterion:

Hyy DL
bL _ W R "W (26)
W, =argmaxy————~—
C {W”Rﬁﬁ-w}

w

It can be shown that wf_’L is the generalized eigenvector of the
matrix pair (Rf’L ,Rgﬁ ), associated to the largest eigenvalue [6].

After the calculation of the set of weights, it is necessary to
calculate the set of transmission powers {Pp Pareees py } in order
to equalize the SIR for all users. The SIR for user i is given by
Hyy DL
W R7wW, 27)
sik, =LV REW, (
2 pwWIR W,

J=1
J#

The set of transmission powers is then calculated to force all the
SIR, to have the same value.



It should be emphasized that this algorithm is transparent to the
uplink structure or processing since it is based only on the spatial
covariance matrices. However, it requires the knowledge of the
downlink spatial covariance matrices of each user, which cannot
be estimated on the base station. Hence, we employ the
frequency transposition on the estimated uplink spatial
covariance matrices to obtain the transposed downlink ones.

FIR filter #2,m
sy(n) FIR filter #U,m

Figure 4. Uplink Channels Estimation Structure

Such matrices are estimated by means of a filter bank as shown
in figure 4. h, ~stands for the uplink channel between user i

and the antenna element m ; d,> v, and e, are the desired

signal, the filter bank output and the error signal to be employed
in the adaptive channel estimation for the element m . So, the
estimation is jointly carried out in the same antenna for all users.
It is performed by means of a RLS algorithm. Then, the uplink
estimated space-time channel of user ; is composed by

H?Lzl:hi,l h, - hi,M:|T (28)

and the uplink estimated spatial covariance matrix is given by

RY = a™” (29)

4. RESULTS

The simulations were carried in an IS-136 TDMA context [7]. It
uses a ©/4-DQPSK modulation and a raised cosine with roll-off
factor o¢ = 0.35. The channel follows the two-path model in [8]
with the same average power for each path. This is considered as
a worst case for the IS-136. Additionally, the delay between
paths was chosen to be a half symbol period. We consider a slot
with 162 symbols including 14 training symbols.

The simulation context was a single cell with U =2 mobile
users in a SDMA (spatial division multiple access) mode where
both mobiles share the same frequency, the same time slots but
are spatially separated. The base station uses an uniform linear
antenna array with A/ =3 antenna elements and an inter-
element spacing of half the downlink wavelength (d = A, /2) to

serve a 120° sector cell. We carried out the simulations using the
Jakes’ space-time channel model [3] and users speed of 100km/h.
The uplink carrier frequency was set to 900MHz while the
downlink one was 995MHz.

Firstly, we present the results for a typical case (see [9] and
references) where 35° of angular separation and 10° of angular
spread is used. Figure 5 shows the CDF (cumulative distribution

function) of the SIR for 10000 trials. In each trial we draw
different user positions and calculate the SIR for one slot. It can
be noted that the difference between the uplink and the direct
algorithm is almost negligible. Moreover, the downlink algorithm
performs better with an improvement of approximately 2dB in
the region of interest (around 10dB) when compared to the others

Figure 6 shows the antenna pattern behavior of the downlink
algorithm for 0° of angular spread in a stationary situation, i.e.
without fading. User 1 has DOAs (direction of arrival) of —50°
and —30° while user 2 has DOAs of +40° and +60°. The result
makes clear the capability of the algorithm in preserving all
multipaths from one user and rejects the other user multipaths.

10°

Uplink Aigortihm 11/ /<! ; i
PITCROOTIN, /, ~———Downlink Algortihm

y "‘\Direcl‘Algonihm '
e

L L L L L L
0 5 10 15 20 25 30 35
SIR

Figure 5. Performance for 2 users, 35° of angular
separation and 10° of angular spread
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Figure 6. Downlink Algorithm Antenna Pattern

In figure 7 we plot the antenna patterns for all the algorithms
together with the so-called True Downlink. This one is obtained
by the downlink algorithm with a perfect knowledge of the
downlink channel and serves as a performance reference. We
consider the same situation of figure 6. The figure shows that the
algorithms have very similar antenna patterns in the directions of
users multipaths, even if they are slightly different elsewhere.

In figure 8, we show the effect of the angular separation between
users. The result is presented in terms of outage probability, i.e.
the probability of the SIR be less than a given threshold, so that
the user will not be accepted in the cell. We have simulated
10000 trials for each value of angular separation with 0° of



angular spread. The outage threshold was chosen as 10dB, a
typical value for TDMA systems. It can be observed that the
downlink algorithm performs fair for angular separations below
30°, which is evidenced by [9], and outperforms the direct and
uplink algorithms, in particular for higher angular separations.

Figure 9 presents the outage probability versus angular spread,
with an angular separation given by 35°. Again 10000 trials for
each value of angular spread was carried out. This figure shows
the dependence of the three algorithms on the angular spread.
Besides, it can be shown that the downlink algorithm has a better
performance of about 5% to 10% in terms of outage probability,
while the direct and uplink algorithm are almost equivalents.

5. DISCUSSION AND CONCLUSION

In this paper, we have investigated the performance of three
downlink beamforming approaches for TDMA/FDD systems. All
approaches have the capability to preserve the user multipaths
and then are suitable for downlink beamforming. Further, the
direct algorithm and the uplink algorithm performs almost
equally in typical cases. It was shown that all the approaches
have a greatly dependence on the angular separation of users and
on the angular spread of the space-time channel. However, in a
SDMA context where the angular separation of users is typically
high, the downlink algorithm has a good performance. Hence, the
use of the downlink algorithm is a convenient approach for
downlink beamforming in TDMA systems even if the user speed
is as high as 100km/h, which is a worst case for this scenario.
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Figure 7. Antenna Pattern comparation
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