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Abstract—This paper investigates the gains harvested through A) o/l
base station cooperation in the up-link for a multi-user(MU) Base
Multiple-Input Multiple-Output Orthogonal Frequency Division .
Multiplexing (MIMO-OFDM) system,operating in a real indoor User 1 F NP ,QY Station
environment. The base stations perform joint detection using an N 1
iterative receiver that carries out multi-user detection and chanel v o /
estimation via soft information from the single-user decoders. / ("\/ N -
Performance evaluation is carried out using real channels from /,’//\/\\ Jo'nt_
an indoor dynamic dual MIMO link measurement campaign. The AR Processing
measured scenario represent a real life situation where two users Y 7
communicate with two base stations, each with two antennas, %
in an environment resembling a shopping mall or an airport 4 ) Base
terminal. System performance is evaluated in terms of both Bit- User 2 i Y Station
2 <

Error Rate (BER) vs. Signal-to-Interference Ratio (SIR) and
Fig. 1. The considered multi-user system with cooperatitedien.

Cumulative Distribution Functions (CDF) for the instantaneous
BER. Also, the impact of using soft information in the channel
estimation is analyzed.

I. INTRODUCTION

Multiple-Input Multiple-Output (MIMO) systems in com- . ) _ _
bination with Orthogonal Frequency Division Multiplexing™VO base stations, each with two antennas, is consideregl. Th

(OFDM) and iterative receivers have gained interest inemtrr SYSt€M is shown in Fig. 1. Evaluation of the BER performance
wireless communication research. MIMO-OFDM [1] systenfdl different SIR levels is performed both with and without
can simultaneously mitigate inter-symbol interferenced afeOPerating base stations. Additionally, an analysis @ th
enhance system capacity through increased diversityjaspdfPact of using soft information, obtained by decoding the

multiplexing or interference suppression. At the same tirigc€ived symbols, in the channel estimator is performed.
iterative receivers, implementing Multi-User DetectidvidD) Il. SYSTEM MODEL

and channel estimation, achieve near-optimum performanceA MIMO-OFDM system with K transmit andN receive

W'tlh rt(ra]asonable complelxn)t/ [2]. iterati ver Ivmv'oantennas is considered, where each transmit antenna sends a
n this paper we evajuale an iterative recever tor Independent data stream. The transmit/receive antenngs ma
OFDM systems using real channel measurements from

ind d ic dual-ink X ) . i gtati ong to different users/base stations. Each stream &dedc

In ob?r ky?aéjmlc l:]a' ml s_sr%enarlo .assum|fng a quaIS| >l \ia convolutional coding and random interleaving, with eod

't')e' oc -Ia tlndg,.c %nne. ferecelver per ormlan(;e Bit-E words spanning both time and frequency dimensions. OFDM
een evaluated in [3], were Ocus was on analyzing bit- rrg{/mbols with pilot data are inserted for channel estimatibn
Rate (BER) performance at different Signal-to-Interfeen

Ratios (SIR). This paper focus on how the receiver can be u%ha receiver. QPSK modulation is considered, and each frame

. L i ) €8deword + pilots) consists af bits grouped inS OFDM
for interference mitigations through base station codpera symbols of M subcarriers each. The frame structure is shown

By combining the received signals from two base stationsi Fig. 2
virtual antenna array is created that allow for joint detect Referring to themth subcarrier during transmission of the

of the two users. In this paper a system with two users ars'lg] OFDM symbol, we denote the transmitted vector, the
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Fig. 3. The structure of the iterative receiver.

Ao [ itots on symbolz;, denotedzy, to the channel estimator, aral
carrier ] posteriori information on source bits. The channel estimator
Data A
M1 provides channel coefficient estimatds,(;,).
000 A. MUD
The received signals (1) are processed separately for each
. . subcarrier and OFDM symbol. Parallel interference cancel-
H H lation is performed usingc from the SISO decoders and
H from the channel estimators. The residual term from the
000 interference cancellation for thgh transmit antennag;,(*) =
0 OFDgfll r— H(z — ikiyj)), is then MMSE filtered, to reduce noise
= — and multi-user interference, giving the extrinsic infotioa
-1
(KT s > _ S ~
Fig. 2. M subcarrier OFDM frame structure with, in this case, two pilot 'Lg() (HHH + U?U(V(k)) 1) H"7®)
symbols followed by S-2 data symbols. Zi = — e , (2)
i (HVH +02,(V9)=1)  H1A™
Hualm,s] . Hyxlm, with V&) = diag (1 — [#1]2,..., 1 — [#5-1%, 1,1 — |#5 %,
Hlm,s] = : : ) ...,1=2k|?)). For the derivation we refer to [2].
Hy1ilm,s| ... H m, s .
vl s NT’K[ | B. SISO Decoding
w[m,s] = (wi[m,s],...,wy[m,s])” ,and . I )
T After collecting {z[¢]};_,, each transmit antenna can be
rim,s] = (rlm,s],....rn[m, )" decoded independently using the log-domain BCJR algorithm
The discrete-time model for the received signal can then bB€ SISO decoder for théth transmit anztenna uses the
written as model z, zlxk + v, with v, ~ Nc(0,77) and n; =

w

(k)T — tx) "

r[m, s] = H[m, slx[m, s] + w[m, s] . (1) i (HIH4of Iy) ~ HIT b
Note that H contains the coefficients for both useful ang' Channel Estimation
interfering channels and that synchronous transmissioas a Assuming that the maximum normalized delay spread
assumed. The channel vector from tté transmit antenna is (nfﬁ(zx) is known, the receiver implements a low-complexity
denotedh,(:x) [m, s]. estimator based on the Slepian expansion

At the receiver, as illustrated in Fig. 3, OFDM symbols ;
are demodulated and sent to the iterative decoder, perigrmi I - .
MUD, Soft-Input Soft-Output (SISO) decoding and channel nk[m] ~ Z%”“[l]m[m] '
estimation. The multiuser detector and SISO decoders ex- =t
change extrinsic information on symbalg, denotedz;, (resp. where v, ,[i] is the ith Slepian coefficient for the link be-
Zr) when going to the multiuser detector (resp. the SIStWeen thekth transmit antenna and théh receive antenna;
decoders). SISO decoders also provagmsteriori information v;[m] is the mth sample of theith time-shifted Discrete



Prolate Spheroidal (DPS) sequence associated to the inte
val m=1,...,M with time support[O,m(ﬁgx] with corre-
sponding eigenvalué\z(d); the approximate signal space ex-

tension is [nr(ﬂxMW +1<I< M. See [8] for more de-

tails. Also, we denotes[m] = (vi[m],...,v;[m])", A& =
(M) Blns] = Ix @ (2l s @ ofm), . =

Yo = (bni[l],...,¥nrlI])", where® denotes the Kro-
necker product. The signal model for channel estimation is

r=EB¢Y+w,

with », E, v andw appropriately collecting received signals,
transmitted signals, Slepian coefficients and noise.
A linear MMSE estimate is performed

. . . -1,
b= (EHA*IE + C;l) EIA Ly

. . . . . Fig. 4. Photograph of the measurement location. The rece{®x$ and
where C,;, is the diagonal correlation matrix of the Slepiamx2) are static, while the transmitters (Tx1 and Tx2) move gltive paths
coefficients depending on the eigenvalu&s; contains the indicated by arrows.
expected transmitted symbols computed arigosteriori infor-
mation from SISO decoders\ is a diagonal matrix depending ) )
on thea posteriori information from the SISO decoders andransmitter were combined. Even though these measurements

the SNR. were performed at different time instances, the envirortrieen
considered static between the measurements; thus the reeasu
[1l. DYNAMIC MULTI-LINK MIMO CHANNEL ments are treated as co-located in time. The resulting @tann
MEASUREMENTS data files from the measurements include 32cx 32 MIMO
A. Dynamic Multi-link MIMO Channel Measurements channels per receiver. From these, faur 2 MIMO channels

were extracted, two for each receive and transmit comlainati
$'ffe combined channel represent the links between two mobile
users and two base stations, with two antennas each.
The upper part of Fig. 5 displays a map of the considered
enario, showing the location of the static transmitterd a

The channel measurements [4] used in this evaluation w
carried out in September 2007 in the CS-buildingHatsinki
University of Technology, Finland. The building is a modern
four story building with corridors and offices surrounding

large airium in the middle, resembling an airport termin oving receivers. The light gray area is the atrium area head t

or a_shoppmg mall. A mobile transmitter aqd two Stat'onaWhite area indicate the second floor where the measurements
receivers were used to measure the behavior of the dyna%lgk place

multi-link channel. Fig. 4 shows a photograph of the buitdin
with both the receiver locations and the two transmittetesu B, processing of Channel Measurements
marked.

The measurement setup is summarized here, and the beslES, BIGCT 0 D e e e ehannel data
measurement parameters are found in Table I. In order 10 P )

capture the behavior of the multi-link MIMO scenario, urthgr,_|nt|e;polat|on has b(_aen _petr;]ormed In orde;ntécgang
single signal was transmitted from the transmitter to bo € original frequency spacing In the measureme 0

receiving channel sounders. The transmitter was movedjal l:hZ)t;lo a subc{':\rlrllzeErEs pgglznglcﬁ)‘ﬁ\}\?f AIKIIHZ’ n acclorganfl;_t:]
several routes with a speed of about 1 m/s, and the MI € recen 2N proposal [5]. ©

channel transfer function was sampled each 39 ms. Sixt 9658"19 was performed _using an i_nterpolating Wiener filt
dual-polarized antennas were used at each link end and | eIIn the frequency domain, assuming a rectangular power

rubidium clocks in the channel sounders were used for syt & p_roﬁle. In essence, the filter removes all energy betyon
chronization a certain delay. The maximum delay was chosen in such way

that a reasonable noise reduction was obtained, while still

TABLE | preserving the channel energy.
MEASUREMENT PARAMETERS A simple power control scheme was used in the simulation.
Center requency =3 GHz The pr|r)0|ples _of the schemes were as foIIovys;_ the average
Bandwidth 120 MHZ powers in the links between the users and their intended base
TX power 0.5 W (27 dBm) station were normalized to unity for each channel realirati

Gap between MIMO blocks _ 39.3216 ms That is, the receive power from the primary user was held

constant at the base stations. At the same time the integferi
In order to create a scenario with multiple users and bdsgs were scaled by the same amount, preserving the relativ
stations, measurements from two different routes of theilmobpower levels of the measured channel. Fig. 5 shows the averag
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Channel realization (time)
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Fig. 5. Part (a) displays a map of the measurement location slothie 1
position of the receivers (Rx) and the routes of the tranemsit(Tx). The

arrows represent the signal paths from the transmitters d@orgbeivers. In 0.9
part (b) the average power in the different links, for thefedt#nt channel
realizations, after power control.
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power in each link, as indicated on the map, after the powe
control scheme has been applied.
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IV. RESULTS

As mentioned above, the system under consideration cor
sists of two mobile users and two base stations, each with tw
antennas. The two users send independent codewords frc 0.1
each antenna spanning = 10 OFDM symbols, including 0
S, = 2 OFDM pilot symbols, where each OFDM symbol 10°
contains M = 64 subcarriers (see Fig. 2). The channel is
considered to be static over S_everal frames, and each fr €7. CDF of instantaneous BERSs, with and without baseostatooper-
covers one code word. Code bits are generated by aly&te ation. The performance after tih, 1st and 2nd iteration is shown. The
recursive systematic convolutional encoder [7] with gatmns case of PCSI is shown with dashed lines.

(7,5)s and with two tail bits forcing the final state into,

giving 1020 information bits per frame and user. Assuming an

OFDM symbol duration ofius [5], each user in the considered In Fig. 6 the performance for the user with the most
system transmits at a rate 5.6 Mbps. favorable interference situation (Rx2 in Fig. 5) is shown fo

System simulations have been conducted in order to invé&&th with and without base station cooperation, after (e
tigate the gains harvested through base station cooperati@hen performing spatial filtering only) arithd iteration. As
Both the case of no cooperation, meaning that the inter-ugecomparison, the performance with Perfect Channel State
interference is ignored at the receiver, and the case of fliformation (PCSI) at the receiver is shown. A sliding wimdo
cooperation are treated. Results are presented in ternfeoffiean taken over the different instantaneous SIR values has
BER as a function of SIR, as well as in terms of the Cumulati2een performed to obtain the presented results.

Distribution Function (CDF) of the instantaneous BER ateac Additional insight of the behavior of the system can be
channel realization. In the simulations a fixed receiversaoifound by looking at the CDF of the instantaneous BER.
variance is set to give ai}, /N,y of 5dB per receiver branch. Fig. 7 shows the CDF calculated from 230 individual channel

It is worth noting that for the case of base station coopertgalizations, corresponding to different positions of tsers.
tion, it is in this case somewhat misleading to talk about,SIRhe figure shows the performance after thé, 1st and2nd
since the interference actually becomes useful signalsspowteration, both with and without cooperation. Again the ecas
that can be used for detecting the transmitted signals. ThisPCSI is shown for comparison.
additional power will also cause the effectivg /N, to vary Considering the performance with no cooperation, the inter
depending on the received power in the interfering link.  ference and noise levels are so severe that the performénce o

0.3

0.2

R

Instantanous BER



the system is very poor. From Fig. 6 it is seen that the BEF

only reach values in the order af—!. Looking at Fig. 7, it ,","/'
is seen that the variance of the BER values is small; thus th ~ *° ko /
performance is relatively independent of the individuadrahel 08 % I
realizations in the evaluated scenario. It is also seenvtitat 07 s 4 r
PCSI the performance is still poor, though slightly betteant os Lﬁianghzgﬁﬁggs R /
when estimating the channel. Further, the gain obtained b J (
performing iterations in the receiver is small. One itemati 8 %° G /
gives a small gain, but performing yet another iteration dras 0.4 R
insignificant impact. 03

If instead the two base stations are allowed to cooperate T~
joint detection of the two users greatly improve perfornenc ' Cry [ i1 Notising soft piots
As can be seen in Fig. 6 the performance after two iteration 01 ; Py
are almost two orders of magnitude better than for the cas 0 =+ 2 Ry

5 4

10 10

2

10° 10°
Instantanous BER

of no cooperation. From Fig. 7 it can be seen that there is
significant performance difference between different cledn
realizations. Depending on the structure of the channel, ang. 8. CDF of the BER when using (dashed lines), and not ugogid
the total available power in the link, the instantaneous BEIRes). soft information in the channel estimator. The resatt for the case of

; ; 1se station cooperation, and shows performance aftedtthel st and 2nd
performance is seen to differ more than one order of m#gration. As expected, the performance is identical fortthe cases after the

nitude between different measured channel realizatiohgs Toth iterations.
difference is growing considerably with iterations, whitee
average BER decreases.

It can also be seen that the difference in BER performanerformed, making use of soft information for channel esti-
between PCSI and an estimated channel decreases withmigtion and interference cancellation. The performance igai
erations. This is explained by the reduction of the chanriérms of BER is orders of magnitude. Using soft information
estimation error due to improvements of the soft infornmatidn the estimator also open up the possibility of reducing
with iterations. the overhead in terms of transmitted pilot symbols, yiaidin

In order to show the impact of using soft information inncreased spectral efficiency.
the channel estimation, performance simulations have been
performed using only the known pilots in the estimator. Big. . _
shows the CDF of the BER when using, and not using, séft 3L Stiber, JR Barty, S.W. Mcl aughiin, Y. éh%ﬁﬁéﬂim’: oA
information. The results are for the case of base statiop-Coo vol. 92(2), pp. 271-294, Feb. 2004. ' ’
eration, after théth, 1st and2nd iteration. The performance[2] T. Zemen, C.F. Mecklenbuker, J. Wehinger, R.R. ier, “lterative
is, as expected, identical before starting iterationsfedifg ,J\Aoérltcg'm/ii,\/?gégT%i”\r}\‘;'rel'i;"ggmna”\%IMg('giuser iy
only due to independent noise realizations. When using only jun. 2006. ' n VOL =) PP ’
known pilots, the gain of performing more than one iteration [3] P. SaIVOI Rossi, P. Hammarberg, F. Tdufvesson, |<|3- EdfOTfS' Iﬁﬁeb%f,
insignificant I instead soft information is used (o updite L, ke, Korunen, € penees £ e Perormers
channel estimate, performance improve with every itematio  ndoor Scenario,|IEEE GLOBECOM, to appear in Dec. 2008.

When designing MIMO-OFDM systems, this property can kel J. Koivunen, P. Aimers, V.-M. Kolmonen, J. Salmi, A. Richtgr Tufves-
used to_decrease the amount of pilofs ransmited, thereby=2n, P, Swikuas, AP Volsch, B vanianen, Dynamerink
decrease pilot overhead and increase spectral efficiency. [5) s. coffey, A. Kasher, A. Stephens, “Joint Proposal: Highroughput

Extension to the 802.11 Standard: PHYEEE 802.11-05/1102r2, Jan-
uary 2006.
[6] S.M. Kay, Fundamentals of Satistical Sgnal Processing: Estimation

A performance evaluation of an iterative receiver for MUg, Irée?rg;o';ﬁggﬁgit';agoﬁ;ﬁiCaﬁons’ McGraw Hill, 2000.
MIMO-OFDM has been performed, focusing on how th@] D. Slepian, “Prolate Spheroidal Wave Functions, Faufi@alysis, and
algorithm can be used for base station cooperation in the up- Uncertainty - V: The Discrete CaseBell System Technical Journal,
link. Computer simulations have been performed using real VO 57- N0 5. pp. 1371-1430, May/June 1978.
channels from an indoor dynamic dual-link MIMO measure-
ment campaign. The considered system has two users and two
base stations, all with two antennas.
It has been seen that by allowing the two base stations to
cooperate in the detection of the two users, large gains are
achieved. When there is no cooperation, the interference and
noise severely limits performance and iterations in theiwer
do not give any significant performance gains. On the other
hand, if base stations are allowed to cooperate a significant
performance increase is achieved. Especially if iteratiare
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