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ABSTRACT

In this paper we present  rst real-time outdoor multi-user multi-
antenna measurements based on system parameters close to
3GPP-Long Term Evolution. We demonstrate switching be-
tween various transmission modes in the downlink steered by
a quantized feedback channel. Real time results show that an
OFDMA proportional fair scheduler based on the quantized
feedback achieves signi cant performance gains over a xed
OFDM-TDMA system. However, the proportional fair sched-
uler results in user starvation periods in the event of correlated
feedbacks. To this end, we formulate a downlink scheduling
problem with zero-starvation as a short term fairness [5] ob-
jective. This is an integer programming (IP) problem. In this
paper, we present a simple heuristic algorithm for this prob-
lem for K = 2 users. Signi cant system sum rate gains are
shown while still ful lling the fairness objective.

1. INTRODUCTION

Multi-user MIMO systems in downlink have recently received
widespread attention in wireless communications. These sys-
tems tend to exploit spatial fading diversity between multiple
antenna terminals. In a broadband wireless system, the bene-

ts of multi-user diversity is exploited with OFDM technique,
where the entire bandwidth is subdivided into orthogonal sub-
channels.

With multi-user OFDM or OFDMA, many users are served
in the same time slot, and user resource allocation is per-
formed in frequency domain. Two classes of resource allo-
cation are possible: xed resource allocation [2] and dynamic
resource allocation [3]. Fixed allocation schemes have a pre-
determined user resource allocation map irrespective of chan-
nel conditions. Dynamic resource allocation changes the user
allocation map according to the channel conditions. For cel-
lular systems, dynamic resource allocation is more attractive
so that multi-user diversity can be exploited in closed loop
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operation. Standardisation bodies such as 3GPP-LTE [4], an
evolutionary step of UMTS, have adopted MIMO-OFDMA
downlink to enhance spectral ef ciency in cellular systems.
These new standards have incorporated dynamic resource al-
location strategy in downlink OFDMA systems. In this paper,
we investigate the performance of dynamic MIMO-OFDMA
downlink using a real-time measurement test bed. We re-
cently performed a LTE test bed measurement in Berlin. The
measurement data from this campaign is used in this paper.

First, we illustrate the performance gains of multiple antenna
systems in the downlink. We show that OFDMA signi cantly
outperforms current OFDM-TDMA systems with multiple an-
tenna terminals in outdoor scenario. In the prototype, we per-
form multi-user rate scheduling via OFDMA proportional fair
algorithm [1], [6]. This dynamic resource allocation strategy
promises long term resource fairness between users. How-
ever, we observe that with co-located users in similiar path
loss conditions, the algorithm results in bursty TDMA be-
haviour. This in turn creates short term QoS issues because of
prolonged periods without service.

Alternatively, we develop a new fair max rate scheduling ap-
proach, where each user requests to be guaranteed the broad-
band TDMA rate. Somewhat surprisingly, even with stricter
short term goals, this scheduling approach achieves signi -
cant gains over OFDM-TDMA in sum throughput measure.

2. REAL TIME IMPLEMENTATION

The parameters set for the PHY implementation was chosen
according to the working assumption around November 2005.
We used 2 transmit antennas at the BS and 2 receive antennas
at each of the UEs. The FFT/IFFT size is 2048 points with
1200 points used in the 20 MHz bandwidth. The smallest
element of resource allocation termed a resource block (RB),
consists of 25 sub-carriers and 7 long OFDM symbols (TTI).
The cyclic pre x/ guard interval was 4.7 pus. 20 consective
TTIs form a radio transmission frame of 10 ms. Frequency
! at transmit power pro le is adopted.
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3. SYSTEM MODEL

We consider an OFDM system in the downlink with K user
equipments (UEs), each of which has mp receive antennas
and the base station (BS) has np transmit antennas. With
OFDM, data signals are directly mapped in the frequency do-
main onto multiple sub-carriers. The relationship between the
received and transmitted data on each sub-carrier is given by

Yk = Hiexye + nye (D

where xy, yx and ny is the transmit data vector, received data
vector and AWGN noise vector on sub-carrier k, respectively;
Hy is the MIMO channel matrix with channel coef cients
between all transmit and receive antennas.

3.1. Link Adaptation

Resources are used independently with speci ¢ modulation
and coding schemes (MCS) for a speci c user. In this way,
the broadband system is decomposed into parallel user chan-
nels. The effective SIN R after MIMO detection at the re-
ceiver is calculated for each time-frequency resource block.
This value acts as input for an adaptive bit loading algorithm.
The calculation of the effective ST R includes the estimated
channel coef cients, the automatic gain control values, the
estimated effective noise power and the spatial detector used
at the receive side. The dedicated uplink control channel is
protected with % rate coding, a CRC, low order modulation
BPSK/QPSK, DFT precoding and spatial diversity reception
using cyclic delay diversity (CDD) at the UE and maximum
ratio combining (MRC) at the BS. The uplink bandwidth is
limited to 5 MHz bandwidth. The UE feedback rate is set to
9.6 Kbps.

The measurement prototype also supports antenna subset se-
lection. The number of active antennas at each side of the
link is varied by disconnecting one BS antenna and/or one UE
antenna, allowing for four basic antenna setups for the down-
link transmission: SISO, MISO, SIMO and MIMO. The re-
ceiver performs single stream or dual stream mode selection.
It calculates the modulation coding scheme (MCS) based on
achievable SINR for all transmit modes. The best combina-
tion of transmit mode and MCS is reported to the base station.
In the MIMO con guration, the joint bene t of transmit mode
selection and adaptive modulation is realised.

For single stream transmission, using channel vector hy
of dimension n, the MRC receiver lIter is
H
e[ 2

Wk

@

For dual stream transmission mode, linear minimum mean
squared error (MMSE) detector is applied. If the channel ma-

trix of dimension nr X nr is denoted as Hy, the MMSE re-
ceiver lter is given by,

Wi = Hy [0*T + Hi H{T 7, 3)

where o2 the noise power, () the Hermitian transpose and
I the identity matrix. The signal to noise plus interference
ratio (SN R) for antenna 7 is calculated on average for each
resource block (RB) in the physical layer. The post-detection
SINR is derived as

SINRMEC = p;hfhio?, ©)
M

SINRfVHVISE :p,;hiH[U2I + Zpkhkth]ilhh ()]
k=
i

where p; is the transmitted power by antenna i. By this very
basic link adaptation loop we achieve full ! exibility in ac-
tive antenna numbers at each end of the link. There is how-
ever a practical implementation issue in transmit mode se-
lection. The transmission power loaded per stream is always

xed. This means that the radiated power from MIMO dual
stream transmission is twice that of single stream transmis-
sion. This constraint has implications in our transmit mode
selection probabilites in MIMO con guration.

3.2. Proportional Fair Algorithm

A broadband version of the the proportional fair scheduling
algorithm [1], originally proposed for narrowband high data
rate systems has been adopted.

Let uy be the supportable rate vector for user k at time
instant ¢. Let 74 (¢) be the allocated rate to user k. Then the
implemented proportional fair algorithm for K = 2 users is
as follows.

SEV S =),

:iN fL—l
typical value of NV is equal to 128. f is the forgetting
factor. Typical value of f is chosen to be 0.99.

1. Calculate weight factors wy, =

2. Update ux = w;luk

3. Allocate resource blocks to users according to max [dy, U:
Let yyx be the allocated rate vector in time slot ¢ for user
k. Calculate total allocated rate as 7y (t) = 1Ty, Vk =
1,2. Goto step 1 for next time instant ¢ + 1.

The vector max operation max [u1, Uz] performs max oper-
ation on corresponding elements of the vectors. Note that in
the special case of weighting factor equal to 1, the propor-
tional fair scheduler becomes a totally opportunistic max-rate
scheduler. The smaller the f the more TDMA like behaviour
is observed. In a round-robin OFDM-TDMA scheduler, the
system sum rate for K users, Sk (), is given by

k=K ;T
k=1 1 Uk

SK(t) = K

(©)
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Fig. 1. Measurement Track

4. MEASUREMENT SCENARIOS

For the experiment we set up a multi-user outdoor scenario
with one base station and two UEs. The two UEs are synchro-
nized to the BS. The BS and each UE are equipped with two
antennas. The BS employs cross polarised antennas(+/ — 45°)
which are placed on top of the building of the Heinrich-Hertz-
Institute (HHI) at height of 60 m. The two UEs are placed
in a van and the antennas, vertically and horizontally polar-
ized, are mounted 30 cm above the roof of the van. The van
was moving at slow velocity of about 3 to 5 km/h along a
prede ned route in the campus of the Technische Universitat
Berlin. The two UEs are co-located and are separated by ap-
proximately 1 meter. The measurement track is depicted in
Fig. 1.

5. RESULTS

5.1. SISO, SIMO and MIMO using TDMA

Experiments are conducted for the following con gurations:
SISO, SIMO (1x2) and MIMO (2x2). MIMO antenna con g-
uration is capable of switching between single stream or dual
stream transmit mode. The other con gurations always trans-
mit single stream. CQI values of modulation per resource
block is fedback every radio frame to the BS by the UEs.
Gains are obtained from frequency dependent link adaptation
as well as transmit mode selection.

Fig. 2 shows system sum rate results for SISO, SIMO and
MIMO con gurations with a round robin TDMA scheduler.
We straightaway see that MIMO antenna con guration in-
creases the achievable sum rate over SIMO by 80 %.

Further, we also measure the gains of multi-user scheduling
with K = 2 users using a frequency dependent proportional
fair scheduler [1]. Results show that two-user diversity in-
creases the sum rate by approximately 20 % as compared to a
single user scenario.
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Fig. 3. Snapshot of user subchannel allocation

5.2. Short term fairness objective

Fig. 3 shows a snapshot of user dynamic subchannel allo-
cation in the OFDMA system varied over time. The con-
ventional PF scheduler shows over-assignment to one user
within each OFDMA symbol, and therefore resembles an op-
portunistic TDMA scheduling. Here, we de ne starvation pe-
riod as the number of radioframes between two service al-
locations to a particular user. In the scheduling snapshot in
Fig. 3, left plot, we observe that the starvation window varies
between O to 4 frames, where O indicates best fairness and
4 indicates the worst. In most real-time applications, pro-
longed periods without service offerings degrade the QoS ex-
perienced by a user and is therefore not desirable. Further-
more, the scheduler causes very bursty traf ¢ for individual
users even though it satis es a resource-fair allocation over
longer periods. In addition, as a result of quantized feedback
correlations, one would also intuitively expect the starvation
periods to increase with the number of users.

UEO

UE1
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5.3. Constrained Max-Rate Problem

To solve the short term user satisfaction problem mentioned
in the previous section, we here introduce a stricter short term
rate constraint in the opportunistic max-rate scheduler. Let
uj, uz be the supportable rate vectors and x3 , X2 be the deci-
sion vectors, for two users in the downlink. Then the resource
allocation problem with strict fairness constraint becomes,

max UXT

Subject to AxT > bT,

wherex = [ x1 X2 |,

u= [ u; Uq ]

b = [ CY11T111 (121Tu2 } ,
_ uy 0

A= |: 0 U2 :| ’

T15, T2 € {0, 1}, 215 + 725 < 2,
1Tu; + 1Tuy — max [uy Uug]
1T111 + 1T112

o)+ ag < . 7
«1 , ag are the relative demand factors for the two users re-
spectively. The demand factors ensure zero-starvation schedul-
ing policy for a user if the supportable rate vector for that user
is non-empty and are set pre-deterministically. The operator
max [uy U ug] returns the largest element in both the vectors.

5.4. Fair Max-Rate Heuristic Algorithm

Here, we present a heuristic algorithm for the 1-0 integer pro-
gramming problem in Eq(7).

1. Let uy,uz be the supportable rate vectors for user 1
and user 2 respectively.

2. Obtain the opportunistic max-rate solution for inputs
up,uz. Store the computed decision vectors for two
users as X1, Xz. The corresponding rate allocation vec-
tors are
Y1 = U1.X3, y2 = U2.X2.

3. Calculate user satisfaction scores, Sj = ﬁ

4. Check if S1 > a3y, S3 > as. If yes , terminate. Oth-
erwise, initialise resource block priority vector py, for
the user with lower score, indexed as k. The priority
vector contains resource block indices of zero compo-
nents in Xy, sorted in descending order of spectral ef -
ciencies.

5. Assign the resource block with maximum priority, j, to
user k by setting x3; = 1. Remove the resource block
from the priority vector px. Update the scheduled rate
allocation vectors y1,y2. Repeat Step 3. Break if px
is empty.

Rate gain vs Time
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| | | | | |
50 1000 1500 2000 2500 3000 3500 4000 4500 5000
Dataset

Fig. 4. Rate Fluctuations over time

This algorithm bene ts in starting from a max-rate solution
and therefore, strives not to sacri ce system sum-rate to achieve
short term QoS goals.

If the minimum user allocation target rate is their correspond-
ing TDMA rate, then the following relative demands are used

1Tuy + 1Tug — max [ug U ug)
2[1TLI1 + 1T112} ’

o = k=12 (8
On the other hand, in case the sum of relative demands o« +
ag > 1, it introduces resource scarcity to the scheduler and
the algorithm does not apply for those demands. In that case,
the algorithm is applied after modifying the relative demands.
This is done by performing max-min heuristic on ay, such
that a; + a < 1. The same algorithm is applied on the mod-
i ed relative demands. This approach in effect transforms the
resource constraint to demand constraint.

5.5. Algorithm Performance

Fig. 4 illustrates the performance of the fair max-rate sched-
uler using a; = ae = 0.48, a demand scenario where users
are guaranteed their respective OFDM-TDMA rate. The plot
shows that both the users get approximately allocated their
supportable TDMA rate in every radio frame. This fairness
plot over time shows the short term rate satisfaction for users.
For co-located users this in turn provides a fair long term rate
to both the users.

The short term rate satisfaction is further characterised by
the CDF in Fig. 5. It is observed that a totally opportunis-
tic scheduler, red lines, have a long tail. This is because at
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few instances the second user does not receive any resource
allocation. However, it is observed that the proportional fair
scheduler, blue lines, have even longer tail than the max-rate
scheduler. This is because a purely time based window, refer
section 3.2, is used by the PF algorithm. This time weight-
ing window suppresses FDMA behavior. The longer tail has
a negative QoS effect and degrades real time user rate experi-
ence. The fair max rate scheduler, black lines, is designed to
enhance the short term user satisfaction. It has a clipped tail
and guarantees approximately a TDMA rate. Nevertheless,
tail clipping sacri ces higher rate gains for individual users.
One would then wish to see the effect of this development on
the absolute system sum rate. For this purpose, we show the
sum rate characteristic in Fig. 6. Proportional fair scheduler
matches the sum rate performance of max-rate scheduler for
two co-located users. Note that, the PF scheduler achieves

this performance via further extending the tail in the relative
TDMA measure. The fair max-rate algorithm sacri ces some
of the system sum rate gains for user satisfaction. However,
this loss in system sum rate is observed to be neglible. The
channel allocation table is shown in Fig. 3. It now shows a
more FDMA behaviour with service offerings to both users in
every OFDMA radio frame.

6. CONCLUSION

The paper demonstrated the gains of dynamic MIMO-OFDMA
downlink using real time test bed measurement results. Re-
sults also con rmed that substantial system throughput gains
are achieved using muliple antennas in a cellular environment.
The measurement scenario involved two co-located users with
correlated path loss moving in LOS conditions. In these con-
ditions, it was observed that just a time windowed propor-
tional fair scheduler is not ideal for QoS requirements.
Accordingly, we introduced a relative throughput gain mea-
sure over OFDM-TDMA. A fair max rate scheduler was pro-
posed to improve dynamic OFDMA scheduler performance in
this criterion. The new OFDMA scheduler achieved signi -
cant sum-rate gains over conventional OFDM-TDMA scheme
while also meeting the short term objectives.
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