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Abstract—We consider cooperating base station systems where
the users are not aligned in time and frequency to the core net-
work as it is actually desired for coherent joint signal processing.
As it is widely known, time and frequency offsets can cause inter-
symbol as well as inter-carrier interference in OFDM systems
which leads to a reduced transmission performance. In this paper
we investigate uplink joint detection algorithms which, in addition
to multi-user interference cancellation, reduce the asynchronous
interference by using iterative interference cancellation as well
as mitigating the additional interference by exploiting spatial
diversity. The structure of the asynchronous interference in
frequency domain can be exploited to derive algorithms with
scalable complexity. As will be seen, particularly the interference
suppression algorithm provides very good performance results
with only a moderate complexity increase.

I. INTRODUCTION

Cooperating base station (BS) systems have gained a lot of
attention within research activities of the wireless communi-
cation community, since they might increase the spectral effi-
ciency particularly at cell edges (see e.g. [1]). The feasibility of
such systems was recently demonstrated in [2]. Investigations
of such systems usually rely on the implicit assumption that all
transmitter and receiver stations work synchronously. Practical
systems, however, do not operate in perfect synchrony and
even with efficient synchronization procedures, it will not be
possible to find a sampling window that aligns all signals of
interest, arriving with different propagation delays, within the
guard interval (cyclic prefix, CP) of the OFDM symbol (see
e.g. [3]). As a consequence time differences of arrival (TDOA)
exceeding (together with the lengths of the channel impulse
responses) the guard interval will violate the basic idea of
OFDM to decouple subsequent symbols (see e.g. [4]) and turn
the desired circular convolution (between transmit signals and
channel impulse responses) back to linear convolution. As a
result the orthogonality among subcarriers is destroyed causing
inter-carrier (ICI) as well as inter-symbol (ISI) interference.
Furthermore, carrier frequency offsets between the local os-
cillators at the BS’s and user terminals shift the subcarrier
frequencies w.r.t. to their ideal positions by a certain amount
leading to additional ICI as well.

In [5] techniques of asynchronous interference mitigation
are described but not in an OFDM context and only for flat
fading channels. Iterative ICI and ISI cancellation methods for
OFDM systems are e.g. part of the investigations in [6] but
only for single link transmissions. The goal of this paper is

to investigate interference cancellation as well as suppression
algorithms that cope with the additional ICI and ISI distortion
terms in addition to the multi-user interference. We concentrate
on the data transmission in frequency domain and use a
system model which includes all effects of asynchronisms in a
corresponding effective channel on each subcarrier. This model
is used to study the performance of linear data estimators with
and without successive interference cancellation in the spatial
as well as spectral domain.

The paper is organized as follows: In section II we derive
our underlying extended OFDM system model and provide a
brief interference power analysis. In section III a subcarrier-
wise linear data estimation is discussed and the impact of Rx
diversity is investigated. Techniques of iterative asynchronous
interference cancellation are discussed in section IV before in
section V concluding remarks summarize the main results.

II. DATA TRANSMISSION MODEL

Throughout the paper we use a digital baseband OFDM
system model with a subcarrier-wise data transmission'.
Therefore, a set @ C {1,...,Q} of subcarriers is used for
data transmission with Ngc = |Q| subcarriers in total. We
assume a system with K single antenna transmitters and Mp
receiving BS’s, each equipped with Np receive antennas.
Thus, M = NgrMpg observations of K transmit signals
are available. All K users are forced to transmit their data
on the same time and frequency resource. To focus on the
filter problem for estimating the vector of transmitted data
X,,=[X2, -~ XE]T on subcarrier ¢ in OFDM symbol o
using the vector of observations Y, . = [V}, -+ YM]T the
transmission equation can be stated in compact form as:

Y=ZX+ Y ZouXy+ Y Zo1uX, 1;+V (1)
leQ\q leQ

U

INotation: In order to account for the established notation of time and
frequency domain used in OFDM the transform domain variables are dis-
tinguished by lower as well as uppercase letters, e.g. « for time and X for
frequency domain signal variables. Matrices, vectors and scalers are stated as
boldface, underlined and plain letters, e.g. «,  and x. Unless it is otherwise
stated the vectors are always defined as column vectors. Random variables
are denoted by non-italic sans-serif letters and deterministic variables by italic
serif letters, e.g. x and z. The operator E, {.} expresses the expectation value
w.r.t. the random variable x.
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Fig. 1: Possible timing scenario for an unsynchronized user observed at an arbitrary base station with y > Ncp and A > 1.

For the sake of clarity the indices for the desired OFDM
symbol and subcarrier {o, ¢} are omitted throughout the paper.
In addition to the spatial coupling of the channel input signals
indicated by the effective channel matrix Z € CM*X there is
now also a coupling between adjacent subcarriers and OFDM
symbols which is referred to as asynchronous interference and
is condensed into a vector U € CM*1 The additive white
Gaussian noise (AWGN) distortion is represented by the vector
V with V oc Ng {0, Pyy} and vy = o3 1.

The transmit data symbols X are taken from a discrete
symbol alphabet A C C with Nj; = | A| possible (complex)
transmit symbols in total. Throughout this work always a Np;-
QAM alphabet is used. If coding is applied a information
bit vector b € Fév rx1is mapped onto unique codewords
ceE ]Fév >l with code rate R = N 1/Nc. After interleaving the
codeword bits are mapped onto the N,/-QAM constellation
points X by using Gray mapping. It should be noted that
throughout this work it is always assumed that the interleaved
codewords bits are independent uniformly distributed.

A. Asynchronous Interference Model

As mentioned before, the goal of this paper is to analyze
techniques for interference cancellation in frequency domain.
In Eq. (1) a subcarrier-wise coupling model is introduced
where Z,,; = [Z}),l .. 'le,z .
between the space (index k), frequency (index !) and time
(index o). A suitable coupling model with time and frequency
asynchronisms is e.g. derived in [7]. In the following a brief
sketch of the model derivation is shown in order to get an idea
of the dominant ICI and ISI terms. The investigated time and
frequency asynchronisms are induced in time domain. There-
fore the starting point is the discrete time domain transmission
model which can be stated as:

A fl} denotes the user coupling

K A™F
Yo = 3 D B e @S T (2)
k=1 A=1
with n as discrete sample index, k as transmitter and m as
receiver index. The transmitted sequence for an OFDM symbol

in time domain after the IDFT operation 9:’; P g B is delayed

by an integer-valued offset p™* = Lﬁf’k /Ts| with 77"F

as the propagation delay between the k-th transmitter and
m-th receiver. The variable T's denotes the sampling period.
If for instance a base station synchronization is assumed
where the receiver OFDM sampling window is aligned w.r.t.
the i-th user the other users are delayed according to their
TDOAs A7/"% = 77"% — 7" and are not synchronized.
For those cases the symbol offset p can also be treated as
the corresponding TDOA. The transmit signal is convoluted
with the channel impulse response (CIR) hg\n’k which consists

of A™F = {Tgl o /TS_‘ sampled multi-path components with

s * as maximum channel length. The linearly varying phase
offset Ap™* = 21 Ae™kn/Q + o represents the differ-
ence of the carrier frequencies between the local oscillators of
the transmitter as well as receiver. It is specified as a fraction
Ae™* of the subcarrier bandwidth.

The received unsynchronized signal samples y,",, are trans-
formed into frequency domain by applying the DFT. In Fig. 1
an exemplary timing scenario for an arbitrary user observed at
an arbitrary base station is sketched with a timing offset larger
than the cyclic prefix length and a frequency selective fading
channel. Obviously the signal parts can be split into three
regions. While the first region A includes the desired symbol
energy, region N3 only includes non-desired signal portions.
In region N3 due to the channel convolution fractional parts
of the desired as well as non-desired OFDM symbols can be
observed. As a result, the spectral coupling model can be split
into:

K

. m,k
m m,k m,k m,k —j2nlp™ T k
Yo,q - Z Z (Hl Oquyl + Qquyl) € ¢ Xo,l
k=1 | 1eQ
K
Z;':”l

+ Z (Hflyk@?—yli,q,l + Q;n—’li,q,l) e Xf—l,z + Vo
leQ
zm
3)

with H; as the channel transfer function sampled at frequency
bin [. The coupling coefficients O caused by the windowing in
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Fig. 2: Contour lines for the relative cumulative ICI power in the desired o-th OFDM symbol for one subcarrier ¢ for an
increasing CFO (a) as well as TDOA (b) (OFDM parameters as defined in Tab. I)

region N3 can be described with the known Dirichlet kernels:

m,k ko
®7rLk:{a /Q KR =0

0,q,l 1 ]‘f\'¢ 51n{7rmmk m™k/Q

Q}
Q¢ sin{rr™F/Q}

otherwise

gt _[H@ Kk =0
o—1,q0 = 1 e ¢o ) sm{rm’" kymak /g } stherwise
Q “sin{rrm R QY WS

with K™% = [ —q+Ae™F and the corresponding phase terms:

¢o = 2(0(Q+ Nep) + Nop)Ae™*
+ 2Hm,k(bm,k 4 Ngn,k’) + Iim’k(am’k _ 1)
bo_1 = 2(0(Q + Ncp) + Nop)Ae™F 4 g™F(pmk — 1)

as well as a™* = N/™* and b+ = NJ“F.

The other coupling coefficients 2 represent the convolution
terms in region A3 and can be obtained by:

A+NTF 2 n—NJ"*41
m,k § m,k 2 : m,k =i2miA
Qaql_ gn h)\ €
:N;n,k_l A=1
A+N§”‘k72 Al j27iA
m,k _ m,k m,k  —I27IA
U= D&t X W
n=NJ"F—1 A=n—Nj"*41

with £7% = exp {j27r/<;m7’“n/Q + ngl’k} /Q. For scenarios
with fractional ISI (1 < Nep) all variables must be adapted
accordingly. It should be noted that in the case of a flat channel
(A = 1) the convolution is reduced to a simple multlphcation
with the channel fading coefficient so that Q;”q =k Lal =
0 V [, q,0 which simplifies the analysis significantly.

B. Adjacent Subcarriers Interference Power

For the interference cancellation algorithms it is useful to
know how much each subcarrier contributes to the total asyn-
chronous interference power. For deriving such an interference
power model Eq. (3) needs to be analyzed w.r.t. to the signal
power of the desired ¢-th subcarrier in the o-th OFDM symbol.
Unfortunately, due to the convolution terms included into the

coupling coefficients 2" kl and Q"7 o 4,1 this analysis becomes
intractable. But one can show that partlcularly for large @) and
small A the subcarrier coupling is dominated by the Dirchlet
kernels. Thus, for an approximation of the subcarrier coupling
powers the convolution terms can simply be ignored which
is similar to the flat channel case. The loss of signal power
within the o-th OFDM symbol for one subcarrier g can then
be obtained by:

T am™t ok |2 _am™F 1 sin{Aeg™F ek}
Uk Q 0,4, Q Q2 sin {ﬂ-AEm,k/Q}
with ¢™* = @Q/r/a™*. The cumulative interference power

from the neighboring subcarriers in the o-th OFDM symbol
can be stated as:

2
7”" Z‘@()q-‘rl’ ‘Goq l’

Ae™F 4 A
1—COS{2 gm,f} 1—COS{2%}

1
- ; 2n2 | (Aemk 1+ 1) Aemk /1 —1)° 12

with 8 < Ngc/2 — 1 as the number or adjacent subcarriers
which contribute to maximum interference power. The relative
cumulative interference power contribution is then given by
Tump, = Tk Oy

As the previous expressions are not solvable in closed form
numerical simulations must be used to evaluate the relative
cumulative interference power. This is shown in Fig. 2 for an
increasing TDOA as well as CFO. Is should be noted that

unless it is otherwise stated always the system parameters

TABLE I: Simulation Parameters

’ Parameter H Value ‘

System Bandwidth Bg = 1/Ts 1.92 MHz
DFT Size @ / CP Length N¢op 128 (66.7us) /19 (4.Tus)
Used data subcarriers Ng¢ 120
Number of users (K) / BSs (MRg) 2/2




defined in Tab. I are used for the numerical simulations
throughout this paper. When looking at the simulation results
for different CFO values in Fig. 2a one can observe that for
reasonable CFOs in the range of Ac ~ 0...0.05 the number
of subcarriers where the most asynchronous interference power
is concentrated remains relatively constant. Only for very large
CFOs the interference power contribution slightly changes. For
that reason it can be concluded that for the suppression of the
ICI caused by the CFO effectively only up to six adjacent
subcarriers need to be considered. This picture changes when
looking at the simulation results for the timing delays in Fig.
2b. There it can be observed that the number of subcarriers
which produce the most asynchronous interference depend on
the timing delay. While for low timing delays the interference
power is spread over a large bandwidth for an increasing delay
the interference power distribution becomes more concentrated
onto the 15-20 neighboring subcarriers. The reason for that
can be explained with the exponential shape of the underlying
Dirichlet kernel. Due to the stretching of the Dirichlet function
for the simulated timing delays the adjacent function maxima
apart from the main maximum decay quite fast in the region
of the neighboring subcarrier frequencies.

III. ASYNCHRONOUS INTERFERENCE SUPPRESSION

In Eq. (1) a subcarrier based transmission model was
introduced which corresponds to the standard processing when
considering OFDM systems. One could also use a complete
linear matrix vector transmission model with Y' = Z' X'+ V'
that includes the couplings among all subcarriers, OFDM
symbols as well as users completely in Z’. But then the
transmit signals for each dimension must be stacked into one
vector so that X' € C2NscKx1 7/ ¢ CNscMx2NscK gpd
Y’ € CNseMx1 Ag a matrix inversion has a complexity order
@ {N 3} one can easily see that although this transmission
model would represent the best approach for deriving all
types of receive filters the obtained solutions are of infeasible
complexity for reasonable parameter sets. Thus, suboptimal
filters with less complexity need to be derived which is done
in the following.

A. Linear Data Estimation Filters

We can also apply standard results from linear estimation
theory to the condensed form of our transmission model in
Eq. (1). A linear data estimation filter G' aims at suppressing
the undesired asynchronous multi-user interference with:

X =GZX+GU+ GV )

The error covariance matrix between the estimated and the
transmitted symbols can then be stated as:

—~12
q’ee:EXV{‘X_X‘ }

—(GZ - 1) (ZHGH - I) LG (®uy+BW)GE (5)

where it is assumed that ®yxx = Ex {MH} = 1I. The
asynchronous interference covariance matrix is given by:

N R (TS T SN ST AN
1€Q\q leQ

(6)

Hence, one can define an effective noise covariance matrix
P55 = Puu + Pyv which is not white anymore.

The optimal linear filter that minimizes the expected mean-
square error (MSE) ®.. is given by the linear least mean-
squares (LLMS) solution (see e.g. [8]):

1
GrLins = (ZH<1>\;\;Z n I) z"p_! %

As it is known, the LLMS filter is always biased. For ob-
taining the unbiased LLMS estimate each filter output must

~ ~ H\ !
be rescaled to XF, = X* Zk‘t'\?; (Zk) . It should

be noted that for frequency selective channels ®yy differs
for each subcarrier so that the filter matrix G'1\s needs to
be computed for each subcarrier separately. For comparison
reasons also the performance of the suboptimal but simple
least-squares (LS) filter is tested. The corresponding filter
expression is given by:

Gis = (sz)fl zH (8)

which only aims at canceling the spatial interference for the
desired transmit symbol but does not take other interference
and noise terms into account to minimize the MSE.

In Fig. 3 the impact of the asynchronous interference to the
post equalization SINR for the introduced filter types is shown
which is defined as:

(é’“)Hz’“ (2")" ¢

k=
Zfil,#k (Qk)HZi (Zz)HQk + (ék)Hq)vak

with ék as the k-th column vector of the matrix G = G*.

For the performance evaluation a simple 2x2 symmetric user
positioning model is assumed where two users move from the
cell border (A7y = 0) to their serving base stations which are
located at an inter-site distance of 5000m (A7, = ISD/ Clight)-
Each base station applies a time and frequency synchronization
w.r.t. to the direct user so that at one base station always one
aligned and one unaligned user can be observed. Due to the
symmetrical user positioning the SINR performance is equal
for each user so that the expectation value is jointly taken for
the SINR performance of both users within the cooperation
cluster. It should be noted that the results always show the
average performance for all simulated realizations of the CIR.
The fading coefficients of the CIR are randomly distributed
with hy o« N {0,07 } and o7 as the corresponding tap
power related to the power delay profile. For the sake of
simplicity in this paper only uniformly distributed tap powers
are used when evaluating frequency selective channels.
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Fig. 3: Average post equalization SINR for an increasing noise power (a) and an increasing TDOA (b) for different values of
channel lengths as well as CFOs (OFDM parameters as defined in Tab. I, Np =1, = Q/2 — 1).
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Fig. 4: Impact of the Rx diversity on the average post equalization SINR (a) and impact of the number of most interfering
subcarriers included into ®yy of the LLMS filter (b). (OFDM parameters as defined in Tab. I, 7 = Ous, 1/ 0‘2/ = 25dB).

In Fig. 3a at first the target SNR is varied for two fixed
values of TDOAs as well as channel lengths. As reference
curve the performance for a zero delay (Argy = Ous) is
depicted. As expected, one can observe that in this case
the post equalization SINR follows exactly the target SNR.
Furthermore, as known from estimation theory for low SNR
values the LLMS filter reveals a better performance than the
LS due to the incorporation of the noise power. For a TDOA
value of A1y = 10us this gain becomes slightly larger as the
effective colored noise covariance leads to noise enhancement.
However, one can clearly see the high SNR degradation for
both filter types which is ~15dB for 1/0% = 30dB. For an
exemplary channel length of 7« = 2us (A = 5) the SNR
degradation also increases further on which leads to additional
SNR degradation of ~2.5dB for 1/0% = 30dB.

On the right-hand side of Fig. 3 for a fixed target SNR
of 25dB the post equalization SINR for an increasing TDOA
is shown for two different channel lengths and CFO values.
Again, one can observe that the LLMS filter is always slightly
better than the LS implementation but the gain is rather small
compared to the actual performance loss. Clearly, as the CFO
is not distance dependent it leads to a additional constant SINR
degradation for all TDOAs.

B. Interference Suppression with Rx Diversity

As mentioned above, the data estimation filter G' primarily
aims at canceling synchronous multi-user interference. The
number of channel inputs K must always be less or equal
than the number of observations at the channel output M.
If the number of observations is larger than the number of
signals that should be detected the spatial diversity leads to
array as well as diversity gain. In most common cellular
wireless networks the number of base station antennas is
usually larger than one so that one can expect that there are
always more observations available than users which transmit
on the same resource. As was already shown in [9], the full
interference aware LLMS filter can efficiently suppress addi-
tional interference terms in the case of Rx diversity. Therefore,
in the following the impact of exploiting Rx diversity with
the LLMS filter is investigated in numerical simulations. It
should be noted that the LLMS filter is not changed in its
basic computation.

In Fig. 4a an SINR comparison of the two filter implemen-
tations is shown when increasing the number of base station
receive antennas Ng. It should be noted that for reasons of
comparison for these simulation results the channel gain is
scaled according to the Rx diversity degree in order to focus



only on the diversity gain and not on the array gain which
would lead to different SINR reference levels for each Rx
diversity degree. As one can observe on the left-hand side
of the figure particularly the LLMS solution yields always the
best results since the full asynchronous interference covariance
matrix is included into the filter computation. As expected, the
LS solution only slightly benefits from the Rx diversity. The
LLMS filter does not necessarily need to include all interfer-
ing subcarriers into the asynchronous interference covariance
matrix ®yy since particularly for large () this would result
in a high complexity. In Fig. 4b results for the LLMS filter
are shown where the number of adjacent subcarriers which are
included into @y is successively increased. It should be noted
that 5 denotes the number of adjacent subcarriers from the o-
th and (o — 1)-th OFDM symbol of the rwo unaligned links.
As one can observe, by including about 10 directly adjacent
subcarriers the performance is close to the optimal solution.
Furthermore, one can see that the larger the TDOA becomes
the smaller the number of neighboring subcarriers is that is
needed to achieve the optimal performance. This coincides
with the observations derived from Fig. 2b.

IV. NON-LINEAR INTERFERENCE CANCELLATION

In the previous section linear interference suppression filters
are investigated which are only a suboptimal approach since
they do not exploit additional knowledge about the discrete
transmit signal within the observations. This mainly concerns
the structure of the codewords and the limited number of
constellation points. Therefore in the following, techniques of
iterative asynchronous multi-user interference cancellation are
discussed for coded transmission where the main idea is to
estimate the undesired asynchronous multi-user interference
based on already detected transmit symbols which can there-
after be subtracted from the received observations in order to
improve the detection performance in subsequent iterations.

A. Iterative Receiver Processing

When using linear equalization filters the estimated transmit
symbols are obtained by applying Eq. (4). Already detected
symbols X* from the initial iteration of the spatial interfer-
ence cancellation can be used to estimate the asynchronous
interference for an iterative interference cancellation. In this
context one has to keep in mind that in many cases the
symbols of the (o — 1)-th OFDM symbol are already known.
If e.g. one codeword fits into one OFDM symbol it can
be assumed that the preceding transmit symbols of each
subcarrier are already detected. For such cases one has only
to cope with the ICI from the current OFDM symbol For
known symbols of the preceding OFDM symbol X "4, one
can initially subtract the caused interference terms. Hence the
asynchronous interference term U can be estimated iteratively
by:

K
Q:Z ZZ X(Z‘it—y-ZZo 11X:011 ©)

k=1 \leQ\q leQ

where the time index ¢ = 0...1,,4, denotes the iteration steps
and X ’;lt = 0|¢=0. For further iterations the linear LLMS filter
introduced in Eq (7) needs to be recomputed by using the
observations Y =Y — Qt It should be noted that the
asynchronous interference covariance which is included into
the LLMS filter must also be updated. If ¢ = X — X denotes
the symbol estimation error the input at the linear estimation
filter in the ¢-th iteration can also be stated as:

’“+Z Y ZEG+V

k=11€Q\q

~1

Y = (10)

Mx

k=1

The LLMS filter matrix must then be calculated by using the
augmented noise covariance matrix in the ¢-th iteration with:

BLy =By + By =B+ Y ZoBl,,Zh, (1)
leQ\q

Usually the variance of the data estimation error is not known
a-priori but, as will be seen later on, the corresponding terms
can be provided by the decoder.

One main performance issue for successful interference
cancellation is the correct subtraction of the expected asyn-
chronous multi-user interference. Therefore, usually the de-
coded information bits are used to estimate the interference
parts. As it is known from the literature (see e.g. [10]),
iterative receivers which employ soft processing by using
only reliability information about the estimated data achieve
significantly improved results compared to processing using
hard decisions. As summarized in [11] the steps within an
iterative receiver with soft processing can be stated as:

o Soft-input soft-output multi-user data estimation
o Soft-input soft-output channel MAP decoding
o Soft interference estimation and subtraction

As only binary digits are transmitted over the communi-
cation channel all the information about the codeword bits
are included into the so called a-posteriori log-likelihood ratio
(APP-LLR)*:

Pr {ck (1):}{{ } = L {Yl} + L {e})

L{chly) zl{P{Z

which can be split into an extrinsic information part L. as
well as a part L, which represents a-priori knowledge about
the transmitted data. ¢; denotes the i-th codeword bit of user
k within the received symbol vector Y.

For linear estimation filters the APP-LLRs must be calcu-
lated based on the linear filter outputs for each user separately.
One main assumption is to treat the effective noise values as
Gaussian distributed which is only a suboptimal but simple
approach. The likelihood function which needs to be evaluated

2See e.g. [12] for the properties of the L-value algebra.



then becomes:
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with « € {0,1} and L, as a-priori information available
for data estimation. By using the well known Max-Log-APP
approximation the APP-LLR can be simplified to:

L. {)A(k|cf} ~

‘Xk _ ch’ 1d{Np}—1
max —_—— = Z L {c’;}
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(12)

For the LLMS filter the effecti\ie noise variance value can be
stated as 55 = (Z, By Zy) —1with ®yy = ZZ"+ ;.

The extrinsic output information of the data estimator is
thereafter passed through the MAP decoder for which typically
the BCJR algorithm is used (see e.g. [12]). As mentioned
before, the decoder provides hard decisions for the information
bits as well as the LLR values for all code bits. The codeword
LLR values can be used for soft interference estimation of the
data symbols as e.g. described in [13]. The main idea behind
this approach is to obtain the most likely transmit symbol
based on the decoder output LLR values L, {¢;} for each bit
of the bit vector that belongs to one complex transmit symbol.
The estimated symbol is then given as the expected value for
the corresponding bit vector:

Ny —1

XF=E{X[L.{cf}} = > APr{x"=4} @3
o=0

with A, as o-th element of the symbol alphabet. The variance
of the estimation error can be approximated with:

Ny —1
o2n= > (A, —X*)'Pr{xt=4,)

o0=0

(14)

which can be included into the effective noise covariance
matrix of the LLMS filter introduced in Eq. (11) with ®.¢ =
diag {UZO, N } Based on the updated augmented noise
covariance matrix Py the linear estimation filters must be
recalculated for each subcarrier again. After subtracting the
estimated asynchronous interference terms from the received
signal the entire detection process can be started again.

B. Numerical Simulation Results

For the data transmission a fixed code rate of R = 1/2 is
used with a 16-QAM modulation scheme. As stated in Tab. I
in total Ngc = 120 subcarriers are used for data transmission

so that in total 480 binary digits can be transmitted within
one OFDM symbol. For the sake of simplicity within the
simulations the codeword length is also fixed to N¢o = 480 bits
so that all OFDM symbols consist always of one codeword.

At the receiver in the first iteration the linear estimation filter
according to Eq. (7) with the full asynchronous interference
covariance matrix is used to estimate the transmit symbols for
each subcarrier. The estimated symbols are thereafter used to
compute the LLR values for each codeword bit according to
Eq. (12). These codeword LLR values are de-interleaved and
provided to the decoder. Within the simulations a 3GPP/LTE
compliant coding and interleaving scheme is used as defined in
[14] with a recursive systematic convolutional code. Based on
the generator polynomial G = [1, (1+D+D?)/(1+D?+ D3)]
two codewords are concatenated in parallel (with nominal
code rate R = 1/3), punctured to R = 1/2 and after
receive filtering decoded in a turbo decoder using the BJCR
algorithm. As mentioned before, the turbo decoder provides
the LLR values of all codeword bits. The sign of the LLRs
values of the information bits is used as hard decision for the
desired bit values. The codeword LLR values after the decoder
are interleaved and passed through the soft symbol mapper
according to Eq. (13). The soft modulated symbols are used to
estimate the asynchronous interference terms according to Eq.
(9) which are thereafter be subtracted from the received signal.
In further iterations all detection steps, e.g. the recalculation
of each linear estimation filter with the updated asynchronous
interference covariance matrix stated in Eq. (11), must be
carried out for the updated observation vector introduced in
Eq. (10).

In Fig. 5 performance results are shown where again the
simple 2x2 symmetric user positioning setup is assumed. For
all the simulations the average bit error rate is shown. In every
simulation run always 500 channel realizations are tested in
which always 100 codewords for different noise and input bit
realizations are transmitted. In Fig. 5a simulation results for a
channel length of 7¢ = 2us (A = 5) are shown. The reference
curves are indicated by dashed lines as well as the performance
curves for the extended iterative receiver by solid lines. As
reference for the decoder performance the AWGN curve is
included. Furthermore, the best achievable performance is
depicted for A7y = Ous which represents a scenario where
only the spatial multi-user interference must be canceled.
Contrary to that, the worst case performance is shown for
the case of a fixed TDOA of Ar; = 10us where no iterative
detection is applied. For sake of clarity only one TDOA value
is tested here which represents the scenario which is also
shown in Fig. 3 at the bottom right corner. For investigating
the performance of the proposed extended iterative receiver
at first two iterations of the entire detection are carried out
which is indicated by ¢ = 1 as well as ¢ = 2. For these
simulations all Ngc adjacent subcarriers are used for the
asynchronous interference estimation. As one can observe, the
performance of the iterative interference cancellation is quite
close to the best achievable performance for a zero TDOA. By
applying more than one receiver iteration one can improve the
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Fig. 5: Average bit error rate performance for 7o = 2us (a) as well as 7 = 1us (b) for different interference cancellation

strategies (OFDM parameters as defined in Tab. I, Np = 1).

reliability of the estimated data which decreases the bit error
rate further on. In order to show how the receiver complexity
can be decreased also the number of subcarriers S which are
included into the asynchronous interference estimation process
is varied. As one can see, as already observed in Fig. 2b as
well as in Fig. 4b by including the 10 adjacent subcarrier leads
almost to the optimal performance for this simulation case.

In Fig. 5b the same simulation scenarios are tested for a
channel length of 7¢ = 1us (A = 3). As it is known from
the literature, the BER performance depends on the diversity
degree. The loss of frequency diversity can be observed in
the reduced system performance which leads to a reduced
reliability of the estimated user symbols and an increasing
error propagation within the iteration steps. But as one can see
again, by increasing the number of receiver iterations moderate
performance improvements are possible.

V. CONCLUSION

In this paper we presented an analysis about interference
suppression and cancellation for cooperating base station sys-
tems where the received signals at the base stations are not
coherently superimposed due to the unavoidable TDOAs. A
frequency domain transmission model was introduced which
includes the dominant distortions caused by time and fre-
quency asynchronisms. Thereafter, this model was used for
an extended analysis of linear data estimation algorithms.
As shown, by exploiting the Rx diversity the asynchronous
interference can be efficiently suppressed. Furthermore, we
have shown that also with an extended iterative receiver with
soft processing one can alleviate the effect of the asynchro-
nisms significantly. The investigations done in this paper also
included an analysis of the dominant subcarrier couplings.
It was shown that the most asynchronous interference is
generated by the directly adjacent subcarriers. This result can
be exploited for designing receivers with scalable complexity.
Particularly in scenarios with large inter-site distances the eval-
uated techniques can be applied in order to increase the system
spectral efficiency by avoiding large cyclic prefix lengths. In
further work the proposed algorithms need to be evaluated in

more practical setups where e.g. also the parameter estimation
errors are included into the analysis.
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