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Abstract

The goal set in this project is to solve issues caused by fading channels and synchronization
errors arise from deploying broadband cooperative Multiple-Input Multiple-Output (MIMO)
systems with highly mobile users. Performance degradation caused by fading channels and
inter-carrier interference has always been a core issue for mobile communications. We consider
these problems from the angle of practical deployment and point out limitations of various
existing advanced methods. We also provide a good and practical solution. Cooperative MIMO
obtains new meanings since the 4G standard meetings began discussing Coordinated Multi-Point
(CoMP) transmission. This also leads to the urgent needs to solve unique challenges of
synchronization. The synchronization issues have unique characteristics due to the fact that
cooperating transmitters may be distributed physically and thus may be situated in widely
different transmission environments, contrasting to co-located transmitters with which the carrier
frequencies and symbol clocks can be synchronized perfectly. In this project we aim to
addressing synchronization errors in cooperative MIMO systems from two perspectives. The first
is to design a receiver which is extremely tolerant with synchronization errors when used in
combination with common Alamouti schemes. Simulation results show that the receiver can
retain the diversity order even when large carrier frequency offsets exit in single-carrier systems
and large symbol timing errors in multi-carrier systems. The second perspective is to solve the
problem via code design. Instead of viewing synchronization errors as impairments, we treat
them as potential sources of diversity gain. A Bit-Interleaved Coded Modulation (BICM) scheme
is eventually developed for cooperative scenarios in which the diversity order can be
dramatically increased when synchronization errors exist.

Key words: cooperative communications -~ CoMP ~ OFDM -~ inter-carrier interference -~
synchronization ~ Alamouti ~ BICM
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2. ICI Cancellation in OFDM Systems over Time Varying

Channels

First, we address the most common anomaly that faces typical mobile devices, especially
those devices that employ the current modulation technique of choice — OFDM. In time-varying
(TV) channels, the channel frequency response (CFR) matrix of OFDM systems is no longer
diagonal and the off-diagonal terms contribute to ICI. ICI can cause serious performance
degradation in OFDM systems and many ICI cancellation techniques have been proposed over
the years to deal with the imperfect CFR matrix; see [5]-[16] and references therein. In [5], [7],
[8], [12], [15], frequency-domain zero-forcing (ZF) or minimum mean square error (MMSE) ICI
equalizers are proposed, while time-domain equalizers are investigated in [6]. For these methods,
the major computational cost comes from matrix inversion. So far the means to reduce the cost is
imposing the ICI matrix to a banded structure in which all but few elements on selected
diagonals are set to zero [5]. With the banded structure, matrix inversions of smaller sizes are
used to calculate coefficients of MMSE or ZF ICI equalizers. A rule of thumbs in [9][12] is to

choose the bandwidth parameter Q is Q > Ifo/Af1 + 1, where fp is the maximum Doppler

frequency and Af denotes the subcarrier spacing. However, the BER performance can degrade
severely when Q is not large enough.

Other advanced techniques such as nonlinear ICI equalizers offer superb performance, but
they may have limited implementation readiness due to either higher computational cost or
limitations specified by standards. Popular wireless broadband access technologies such as
WIMAX (IEEE 802.16e) and LTE both choose orthogonal frequency division multiple access
(OFDMA) as the downlink transmission scheme. This will cause problems for decision feedback
or iterative equalizers, such as those in [7] and [9]; they may not be suitable for OFDMA due to
the need to know CFR information or data on other users’ or un-occupied subcarriers. Another



technique, the turbo ICI equalizer [13][14], requires CFR information, the feedback from the
channel decoder, and has longer processing latency due to its iterative nature. Some techniques
that utilize time-domain windowing [9][10] can greatly extend the supported Doppler spread
range but the white noise will be colored and the receiver has to handle it to avoid performance
degradation [17]. The MAP and MLSE equalizers [16] offer the best performance yet the cost is
still too high. Methods based on basis expansion model [10][16] also need to consider issues of
channel estimation and model fitting.

In short, to develop a simple ICI equalizer with adequate performance still means much
practical significance to the communication industry. In this paper, we focus on improving the
inner receiver and developing low-complexity methods that can provide decent performance for
standards such as WiMAX or LTE. We start with a popular model of linearly time-varying
channel is reviewed and some observations are noticed as the inspiration of our per-subcarrier
approach. We propose a simple ICI indicator is proposed to show the relative severity of ICI on
each individual subcarrier. Its statistical properties, in particular the probability density function
(PDF), are investigated to lay a theoretical foundation for adapting the ICI equalizer according to
the ICI indicator and estimating the possible saving in computational complexity. Based on the
ICI indicator, a per-subcarrier adaptive framework which can work with most existing ICI
cancellation methods, especially linear ICI equalizers, is proposed to further reduce
computational complexity while maintaining performance. Several examples demonstrate how
the framework operates. Especially, a novel low-complexity perturbation-based ICI equalizer is
developed with the emphasis on implementation readiness and adequate performance.
Simulations are provided and savings in computational cost are calculated to show the
effectiveness of our approach.

2.1 ICI Models

Consider the baseband equivalent OFDM system model with N subcarriers, the length of
one transmitted OFDM symbol is Ns = N + N¢p in which Ncp is the length of the cyclic prefix.
The received signal on the i-th subcarrier is:

N-1

R, = Z S Hip 4+ Zi i=0.1,....N—1

m=0
where S, is the data symbol on the m-th subcarrier, H;, represents the Channel Frequency
Response (CFR), and Z; is white Gaussian noise. ICI on the i-th subcarrier caused by the signal
on the m-th transmit subcarrier comes through the ICI channel H;,. We organize H;n into a
matrix and that is the ICI channel matrix H. Thus we can compactly represent the ICI signal
model in the matrix form:



r=Hs+z=H,,s+GAs+z

where Hayg is the diagonal averaged channel matrix part which is not affected by the Doppler
spread and A is a diagonal channel matrix variation part and G is a fixed ICI channel gain

matrix which together with A reflect the effect of Doppler spread.
The ICI model in provides more insights when it is examined at the subcarrier-level

granularity. For example, the magnitude of a 32x32 CFR matrix and cross-sections at three

different subcarriers are shown in Fig. 3. The first thing to notice is that there is no uniform band
structure in the CFR matrix, since each subcarrier faces very different ICI situations. This
observation gives us an idea of adapting the ICI-cancellation method according to the ICI
situation on each sub-carrier. Once this is done, we expect that the computational cost of ICI
cancellation can be dramatically decreased since most of the sub-carrier, even at very high speed,
do not really need extensive ICI treatment. As can be seen from the next sub-section, this
observation is verified by studying the statistical properties of a certain “ICI indicator”,
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Fig. 3. The magnitude of a typical ICI channel matrix for a highly mobile user terminal

2.2 ICI Indicator

From Fig. 3, we see that the ICI situations at each sub-carrier are quite different. Therefore,
we would like to devise a measurement which can reflect the different ICI situation at each
sub-carrier. It is found that the ratio Ay/Hy (k is the sub-carrier index) can do the job. Given a
value of |AW/Hy|, the corresponding signal-to-interference ratio (SIR) can be easily calculated. In
Fig. 3, the 20-th subcarrier, with a small |Aw/Hy | (JA/Hk | < =5 dB, roughly corresponds to SIR >



22 dB), is affected by insiginificant amount of ICI and requires no ICI cancellation. When the
signal experiences moderate fading, like on the 5-th subcarrier, |A/Hx | becomes higher (between
—5 and 0 dB, corresponding to SIR from 22 to 12 dB), and a small truncated CFR matrix, say a
3x3 matrix, might be needed for adequate ICI cancellation. If deep fading occurs, as on the 9-th
subcarrier, |A/Hy | becomes significant (JAw/Hk | > 0 dB corresponds to SIR < 12 dB), and a larger
CFR sub-matrix will be needed for ICI cancellation. The term |A/Hk | seems able to reflect the
ICI situation on each subcarrier.
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Fig. 4. Probability density functions (solid) and histograms (dash-dotted) of the ICI indicator for
vehicle speed at 60, 120, and 350 km/h.

To better utilize |A/Hy | as the ICI indicator, its statistical properties need to be investigated.
Assume Rayleigh fading channels, Axand Hi can be approximated by two independent complex
Gaussian random variables (RVs), and their absolute values follow the Rayleigh distribution. We
found that the PDF of |A/Hy| can be found by calculating the convolution of two log-Rayleigh
PDFs. Simulation is conducted to verify the derived PDF, using WiMAX standard with 10 MHz
bandwidth, 2.5 GHz central carrier frequency, 1024 subcarriers, and the ITU Vehicular-A
channel model. Fig. 4 shows the theoretical PDF and the histogram 10logio(|A«/Hk|) for various
vehicle speeds, and they coincide closely. Recall that larger |A«/Hx| means higher ICI level, it can
be seen that as vehicle speed gets higher, more subcarriers experience severe ICI; yet even at 350
km/h, there are still 85% of subcarriers on which |A/Hy| < 0 dB and simple ICI equalizers may
be good enough. It is worth noting that the distribution of 10log1o(|A«/Hk|) does not depend on the
channel’s power delay profile (PDP) since no assumption about the PDP needs to be made in the
derivation. This is also confirmed through simulations with other channel models. Table 1 lists



the percentages of the ICI indicator in four ranges (<= -5dB, -5~-3dB,-3~0dB, and =>0
dB) against various vehicle speeds. The table can also be used in evaluating the benefit of
reducing complexity by adapting ICI cancellers according to the ICI indicator.

TABLE |
ICI indicator, distribution under different vehicle speed
|Ar/Hy| <-5dB| 5~—-3dB| -3~0dB | >0 dB
60 km/h 90.4% 4.0% 2.2% 3.5%
120 km/h 79.7% 9.6% 5.9% 4.9%
250 km/h 55.4% 18.9% 15.9% 9.7%
350 km/h 38.9% 21.8% 24.9% 15.4%

2.3 Per-subcarrier Adaptive ICI Cancellation Framework

We have learned that the ICI situation is quite different for each sub-carrier. So an intuitive
way to treat ICI is to adaptively adjust your method from sub-carrier to sub-carrier.

received signal r detected signal
Per-subcarrier Adaptive
- ICI Equalizer -
Channel ICI Matrix I.CI
Estimation Generation Indicator
Ak/Hk

N }

Fig. 5. Per-subcarrier adaptive ICI cancellation framework

Fig. 5 shows our proposed receiver architecture utilizing the ICI indicator. The
per-subcarrier adaptive ICI equalizer adjusts its setting according to |A«/Hy|. The overall
computational complexity can be greatly reduced with little performance degradation. The
concept is simple and intuitive, yet has not been seen in the existing literature. In addition, it
works well with popular wireless access technologies such as WiMAX and LTE based on
OFDMA. Not only can it be exploited in signal detection but also used for channel estimation, in
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which only the averaged CFR (Hi) needs to be estimated and (Ay) is simply the difference
between Hi of adjacent OFDM symbols. Next, two examples are shown on how the framework
incorporates conventional ICI equalizers.

First, consider linear equalizers. In a linear “block” ICI equalizer, usually a bandwidth
parameter Q is chosen and only the lower and upper Q diagonal in the ICI channel matrix are
considered and the whole banded ICI channel matrix is inverted to generate equalized signals.
The parameter Q is selected according to the channel condition, but the value, once chosen, is
fixed for all sub-carriers.

In a linear “serial” ICI equalizer, a smaller (2Q+1)x(2Q+1) matrix is inverted for each
sub-carrier, since the whole ICI channel matrix is not inverted, the computational cost is
dramatically reduced. But, again, the value of Q, once chosen, remains the same for all
sub-carriers.

In our approach, however, instead of a fixed Q for every subcarrier, it is chosen according
to |AW/Hy|. In this way, much computation cost is saved without hurting performance. Note that
block and serial ZF equalizers can be easily obtained.

10 T T T
Conventional one-tap equalizer

—}— Block MMSE with exact channel
Block MMSE with simplified ICI structure
Serial MMSE, fixed Q=5

-+ X -+ Serial MMSE, varying size Q<5
Serial MMSE, varying size Q <10

BER

10"

0 5 10 15 20 25 30 35
SNR (dB)

10

Fig. 6. BER performance comparisons for linear ICI equalizers under 1024-point FFT, 64-QAM,
and ITU Vehicular-A channel model at 350 km/h.

Fig. 6 shows results with un-coded systems. So, what happens when channel coding is
added? It is worth noting that our proposed methods far exceed the performance requirements of
say, the WIMAX standard when mandatory channel coding is used. For example, our
per-subcarrier adaptive ZF perturbation method achieves 10% packet error rate at 16 dB SNR at

11



350 km/h, while the standard requires only 60 km/h. Follow the same simulation set-up in
Section 111 with NA = 864 active subcarriers in the 1024- point FFT mode, BER comparisons of
different ICI equalizers are shown in Fig. 6. The block MMSE ICI equalizer needs to invert a
864 x 864 matrix, either with the exact CFR matrix or a simplified approximation. The serial
MMSE ICI equalizer inverts a local small CFR sub-matrix for each subcarrier to achieve lower
complexity. The matrix size is set by Q which conventionally is fixed for all subcarriers. Our
per-subcarrier adaptive ICI equalizer adjusts Q according to the ICI indicator. In our simulation,
Q is chosen from the four settings (Q =0, 1, 3, and 5) corresponding to the four ranges (< -5 dB,
-5 ~-3dB, -3 ~ 0dB, and > 0 dB) of |AW/Hy|. As shown in Fig. 4, our adaptive serial MMSE
ICI equalizer with Q < 5 achieves, with significantly lower complexity, the same BER as the
conventional one with fixed Q = 5. Overall, around 86% and 78% of computation can be saved
when the velocity is kept under 250 and 350 km/h. On the other hand, with a comparable
complexity, our per-subcarrier approach can afford a larger upper limit on Q, say using Q = 10
for the last range, and achieve much improved performance.

Next we consider how to incorporate with the Maximum APosterior (MAP) equalizer. The
MAP equalizer offers the optimal performance yet is very costly. In our approach, reduction in
computational complexity is achieved by reducing the size of trellis at most subcarriers. Note
that the computational complexity of MAP equalizer grows exponentially which is in proportion
to the number of states M2q+1) at each trellis stage if M-ary modulation is adopted. It is obvious
that our per-subcarrier approach adjusting Q adaptively will dramatically reduce the complexity,
especially for the high order modulation.

The MAP equalizer, even with a variable-size trellis, is still very costly to implement. In Fig.
7, a simpler simulation setting with QPSK is used to save simulation time. The result verifies that
adjusting trellis size does not hurt the performance even when the speed hits 500 km/h. The
MAP ICI equalizer with variable-size trellis attains the same BER performance as that of the
MAP ICI equalizer with fixed-size trellis (in fact, their BER curves overlap each other), yet the
computational cost is significantly reduced. Further reduction of complexity is possible if some
techniques reported in recent literatures can be incorporated in the future. It is interesting that for
the case when Q < 3, the MAP ICI equalizer performs better than the block MMSE ICI equalizer.
It is due to the extra gain provided by combining signals along different ICI paths constructively.

12



Conventional one-tap equalizer
MAP ICI| equalizer with Q = 1

MAP ICI| equalizer with variable Q <1
—— MAP ICI equalizer with Q = 2
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Fig. 7. BER performance comparisons for MAP ICI equalizers under 1024-point FFT, QPSK and
ITU Vehicular-A channel model at 500 km/h. Note that the BER curves of MAP ICI equalizers
(solid) overlap that of MAP ICI equalizers with variable size (dash).

2.4 Computational Complexity

We discuss the computational complexity measured in complex floating point operations
(flops). The reduction of computational cost in conventional linear ICI equalizers by being
incorporated into our per-subcarrier adaptive framework is demonstrated. The low computational
complexity of the novel perturbation-based ICI equalizer is also clearly laid out. The complexity
of the ICI equalizers comes from calculating equalizer coefficients and applying equalizers. Both
aspects benefits from our approach. Only the complexity of calculating equalizer coefficients is
considered here for simplicity because it accounts for the majority of the computational
complexity. With the same simulation setting, the computational complexity of the block
equalizer is approximately 2N,%/3 ~ 4x108 flops and that of the banded serial equalizer is
approximately Na x2(2Q+1)3/3 = 7.5 x 105 flops with Q = 5.

Consider the per-subcarrier adaptive framework incorporating serial MMSE ICI equalizers.
At the vehicle speed of 350 km/h, according to Table I, 38.9% of subcarriers use one-tap FEQ
requiring 0.389 Na flops, 21.8% of subcarriers use 3 x 3 matrix inversion requiring
approximately 0.218 Na x33 x 2/3 flops, 24.9% of subcarriers use 7 x 7 matrix inversion
requiring 0.249 Na x 73 x 2/3 flops, and 15.4% of subcarriers use 11x 11 matrix inversion
requiring 0.154 Np x 113 x 2/3 flops. Overall, the complexity of the per-subcarrier adaptive
serial ICI equalizer is approximately 1.6 x 105 flops at 350 km/h and the number for 250 km/h is

13



105, which are 22.2% and 14.2% of the number of flops of the conventional banded serial
equalizer. In short, for any methods adopting banded approximation, the per-subcarrier adaptive
framework can help further computational complexity reduction.

In summary, an informative indicator of ICI level and a per-subcarrier processing
framework is proposed; they can work with many existing ICI cancellation methods to reduce
the computational complexity and maintain the performance simultaneously. Theoretical analysis
and simulations verify our claims. High flexibility is achieved for trade-off between performance
and implementation cost.

3. Multiple Carrier Frequency Offsets in Cooperative

Communications

In this section, we address the first perspective of combating synchronization errors with the
design of error-tolerant receivers. Notice that we situate our study in the context of utilizing
space-time coding, especially Alamouti’s space time block code (STBC) in the distributed
(virtual) MIMO scenarios, due to its effectiveness of obtaining diversity gain as well as its low
complexity.

As already mentioned, in distributed MIMO systems, each transmitter may have different
local oscillators and may not be either frequency or time synchronized, i.e., there exist multiple
symbol timing offsets (STOs) and multiple carrier frequency offsets (CFOs) [25]-[30]. It is well
known that OFDM systems are sensitive to frequency offsets, and the performance can degrade
significantly because of the inter-carrier interference (ICI) due to MCFOs. The resulting
superposition of all cooperating nodes’ signal causes standard CFO compensation techniques fail
at the receiver. To deal with this problem, various mitigation techniques have been proposed in
the literature[25]-[30].

Conventional equalizers can be used to combat multiple CFOs. A time domain equalizer,
which aims to maximizing signal to interference and noise ratio (SINR) is proposed for space
frequency coded system [25]. A simple method to convert the matrix inversion to a series of
small inversions of its diagonal sub-blocks to reduce the calculation complexity is studied in [26].
In [27], several detection and complexity reducing techniques are compared. An ICl-self
cancellation scheme at the price of lowering transmission rate is proposed in [28]. A special two
branches receiver architecture is proposed in [29]. Based on the iterative inter-carrier interference
(ICI) cancellation, a two-step cancellation procedure is developed in [30]. Iterative interference
cancellation is yet another popular technique [31]. However, the performance of these techniques

14



degrades significantly as the magnitudes of MCFOs exceed a mild range.

In this section, synchronization for SFBC-OFDM is studied in the context of cooperative
communications with synchronous errors. OFDM is robust to timing errors with a cyclic prefix
insertion, so we focus on multiple CFOs. The separate synchronizing architecture in [29] is
adopted, but a new SFBC demodulation technique based on [30] is used to increase the resulting
SINR. In addition, iterative interference cancellation and a maximum-ratio-combining-like
technique is also incorporated to further enhance the performance. The new receiver is
computationally efficient and has a superior tolerance range of multiple CFOs and may be
suitable for applications in asynchronous cooperative OFDM systems. We also demonstrate,
through the time-frequency duality, that our procedure can be applied to combating symbol
timing errors in single-carrier systems which is sensitive to this type of synchronization errors.

3.1 System Model

Relay Node 1

Source Node\‘ /De;nation Node

Relay Node 2
[ | | |
Phase 1 Phase 2

Fig. 8. A typical cooperative communication scenario

Consider a simplified cooperative transmission scheme with one source node, one
destination node, and two relay nodes, as shown in Fig. 8. Each node has only one antenna. The
decode-and-forward (DF) protocol is adopted [32]. In the first phase, the source node broadcasts
the information sequence to the relay nodes. Without loss of generality, we assume that all relay
nodes have correctly decoded the information sequence. In the second phase, all relay nodes
remap the information sequence and cooperatively transmit it to the destination node.

Assume that a SFBC-OFDM based cooperative system is employed at the relay nodes. All
the information sequences use the same signal constellation I, such as M-QAM or M-PSK,
which can be denoted as X = [Xo, X, ..., Xo-1]T. The SFBC-OFDM modulates the symbol on
two adjacent sub-carriers:
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Relayl Re

fi Xoaag X o (1),
fk+1 Xeven_ X o
where f, and f,, are adjacent sub-carriers index. Then the transmitted signal x,(n) is

derived from the inverse Discrete Fourier transform (IDFT) of the encoded symbol X, (k),
a €{R,,R,}, which can be written as

127mk

X, (n)= %X (k)exp(——), -N, <n<N-1 ),

where N is the OFDM symbol length, N is the length of cyclic prefix (CP).

A multipath channel model taking into account the effects of multiple oscillators is assumed.
The discrete-time baseband equivalent asynchronous received signal can be written as

ym= ¥ exp(‘z”gn

a (R R;}

)Zh (Dx, (n=1)+z(n) 3),

where ¢,, ae{R1,R2}, represents the CFO, which is normalized by the sub-carrier spacing,

between the destination node and the relay node «. The I-th path gain profile of the multipath
Rayleigh fading channel is denoted as h,(l), L is the number of multipath. In order to avoid

inter-symbol interference (ISI), N, =L should be satisfied. The average total power is

_ 2
normalized such that E[ZM{RI,RZ}ZLOl| h,(1)] 1=1, and z(n) is the AWGN with zero mean and

H 2
variance o°.

After removing CP and passing through DFT, the received signals on two adjacent
subcarriers are

Y :GgRlHFukx +GgR2HR2ka+1

gRl ng
ZG R1,m R1m+ZG R2,m R2,m

m#-k m#k
+W,
Y =Gg o Hpy g (X4,1) + G He, o X (4),
N-
+ Z Gt mHaum Xeum + Z Gt mHazn Xazm
m;-k+l m;k+l
Wiy

where H,, a. € {R1,R,}, and W denote the channel response and complex AWGN in the frequency

domain. G/, is the ICI coefficient, which destroys orthogonality between sub-carriers, caused
by multiple CFOs. It can be defined as
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. 18 j2zn(e, —k+m
G, =~ expd N )
N 7= N

_sin(z(m-k+¢,))
~ Nsin(z(m-k+¢,)/N)

exp(jn(%)(m—kwa»
5),

When k=m, Gy can be simply defined as Gg . Here, the perfect CSI known at the destination

node is assumed.

3.2 Multiple CFOs Mitigation

We take cues from the two-step ICI cancellation algorithm for SFBC-OFDM [30] and the
two-branch MCFOs mitigation algorithm [29]. Both methods are designed for asynchronous
cooperative systems. However, they can only achieve near Alamouti performance with moderate
range [&..c —&mxl, IN Which &, <0.2 and the performance degrades rapidly if the MCFOs
go beyond the range. We proposed a new SFBC decoding algorithm by better using the
separately synchronized signals to extend the tolerance range of multiple CFOs. The detailed

mitigation algorithm is described as follows.

As in [29], assume that the receiver can estimate multiple CFOs separately and have
multiple copies of the received signal compensated for each CFO. For example, preambles which
are orthogonal to each other for each relay node may be used to facilitate the estimation of CFOs.
Before DFT, the compensated signal can be express as

Y, (n) =exp(-j2ze,n)y(n) (6),

where 0 < n < N-1 and ae{R1,R2}. Then, for SFBC, the two sets of separately synchronized

signals in the frequency domain can be written as Yg(n)=DFT{¥,(n)} and

Yoo (N) = DFT {5, (n)} .

The new SFBC decoding algorithm is modified from the one found in [29] while the major
difference is that our algorithm processes two sets of separately synchronized signal jointly,
inspired by the method found in [33]. The principle is illustrated in Fig. 3.
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Fig. 9. The block diagram of the receiver with the proposed MCFOs mitigation algorithm

From Fig. 9, we can see that there are two signal sets going into the decision block. Due to
synchronization errors, neither of the two signal sets obtained by the SFBC decoding is
absolutely better than the other. Signal detection adopts the Minimum Euclidean distance
decision rule, as is in [29]: the decoded signal with smaller decision error will be deemed as
more reliable and selected. The detection rule can be expressed as

A~

d,=argm
i

r ¢ | ™,

Alternatively, to show that the two signal sets indeed possess information to further improve
SINR, we propose an ad hoc method which mimics Maximum Ratio Combining (MRC) to
combine the two signal sets. Express the signals in a short hand notation:

X=X, +E
X2 =X, +82

7 comb 71 2+ 2
X, —Mxk+Wka

(@),

where Elk and EE are interference plus noise terms The weights Mand Wf on the k-th

subcarrier are chosen to “maximize” the SINR. Typical MRC solutions are obtained from the
optimization problem:

N He |2
minimize Hwk :kH

- 1 (9)1
subject to c"'w, =1
; ; - _ =l =277 _ T _ T . . _ R;C
in which £ =[Z =1, w,=[w, w] and c=[1 1]J', whose solution is W = "R -

Due to the fact that the interference-plus-noise terms are unknown, we opt to an ad hoc method

to calculate w, . First, all possible noise-plus-interference terms are calculated by treating every
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constellation points as candidate decisions. Then the minimum decision errors in each signal set
are selected as the instantaneous noise-plus-interference terms. Then the combining coefficients
are obtained via the ratios of instantaneous SINRs. Finally, the decision is made on the combined

~

signal to get d,.

A parallel interference cancellation (PIC) scheme at each sub-carrier finally is added to
complete the receiver. Within an iteration, the symbol decisions are used to reconstruct the ICI
due to signal spilling from one subcarrier into another. The ICI cancellation operation can be
expressed as

Y, r=0
Yk(r) = Y . ELGEM H )2 (r-1) %GERZ H )2 (r-1) r> 0 (10)
k k,m* "R1,m“*R1,m k,m® "R2,m“*R2,m
ek ek

where ngg and XQZ) represent for the symbol decisions of the r-th iteration with the minimum

Euclidean distance criterion. As the iteration number increases, more precise estimates of the
transmitted symbols can be obtained.

3.3 Time-Frequency Duality and Single-Carrier Systems

Alamouti STBC is a well known transmit diversity scheme for flat fading channels. Since
the cooperating nodes are physically separated, the different respective clocks lead to
asynchronous transmission and reception. Therefore, the ISI appears and the performance
degradation is caused by the non-orthogonal space-time combination. Thanks to time-frequency
duality, which ISI caused by STO can be viewed as a time-domain version of ICI, our proposed
method is also applicable to single-carrier transmission in the presence of ISI up to a large error
range, e.g., ATmax = 0.625 Tg, as verified in numerical simulations.

Without going into details, we will summarize the ISI-mitigation steps for single-carrier
systems as follows.

a) The receiver needs to register four values from two separately sampled sequences for

one Alamouti block of two transmitted symbols.

b) Perform two sets of modified Alamouti space-time decoding to reconstruct the nearly

orthogonal STBC.

c) Select the more reliable decoded signal through minimum Euclidean distance decision.

Apply iterative Interference cancellation.
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3.4 Simulation Results

In this section, we show some simulation results to demonstrate the performance of the
proposed scheme for an uncoded cooperative Alamouti SFBC-OFDM system with two relay
nodes. The channel used is a four equal gain multipath Rayleigh fading channel (the channel taps
are uncorrelated complex Gaussian random variables with zero mean and normalized variance
1/2). Other simulation parameters are listed in TABLE II.

TABLE Il
SIMULATION PARAMETER

Channel Model Rayleigh
Fading
Power Delay Profile Uniform
Number of Taps 4
Number of Subcarriers 512
Cyclic Prefix 32
Type of Modulation QPSK

Number of Total 100000
Simulated Frame

Fig. 10 depicts the BER vs. bit signal-noise-ratio (E,/Ng) of the proposed scheme with
synchronous impairments. To show the tolerance range to large multiple CFOs, the normalized
multiple CFOs are set to be ¢, = 0.25 and ¢, = -0.25. The performance is poor without iterative
ICI cancellation. With iterative ICI cancellation, the performance improves, and the full diversity
order is achieved. It is also shown that the MRC-like operation can further improve the SINR
and the BER approaches the theoretical bound.

10°

107

10°

BER
WV

10°

| =—©— Without ICI Cancellation

-4
10 ' || —€— 1st Iteration (Selection)
| —A— 5th Iteration (Selection) N
[ | =B 5th Iteration (MRC-like sum + Selection) I

—— Theoretical Lower Bound [13]

5 10 15 20 25
Eb/NO

Fig. 10. BER performance with the relative CFO = 0.5

Fig. 11 compares the performance of our algorithm and Zhang’s method in [31]. In both
cases, iterative ICI cancellation is applied. Zhang’s method works fine when multiple CFOs is
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less than [0.2 -0.2], but degrades significantly and error floors appear as MCFOs get larger. On
the other hand, our proposed receiver maintains the diversity order with a small SNR loss
compared to the case with no MCFOs; this confirms that the degradation caused by MCFOs can
be effectively reduced even when the offset is large. The effect can be ascribed to the fact that
ICI and ISI may be largely eliminated at the SFBC decoding stage.

10°

10

107

10°

BER

—H&— Zhang's , MCFOs[0.2 -0.2]
—&— Zhang's , MCFOs[0.25 -0.25]
—A— 7hang's , MCFOs[0.3 -0.3]

5| —B— Proposed , MCFOs[0.2 -0.2]

10"

10°

—&— Proposed , MCFOs[0.25 -0.25] X
—A— Proposed , MCFOsJ[0.3 -0.3]
10° —3k— No MCFOs
0 5 10 15 20 25

Eb/NO

Fig. 11. BER performance comparison between Zhang’s method and the proposed algorithm
under different multiple CFOs
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Fig. 12. BER performance vs. relative CFO | &, &g, |

10°

Fig. 12 illustrates the BER performance vs. the relative CFO |, —&,, |With E,/No= 10 and

20dB. The increase of relative CFO hurts the performance eventually. However, the Alamouti
diversity order can be maintained up to when the relative CFO is 0.6. This shows the superior
tolerance to multiple CFOs by deploying our proposed decoding algorithm,
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In summary, the performance of distributed SFBC-OFDM systems with the presence of
multiple CFOs is studied. A new SFBC decoding algorithm is proposed for cooperative systems
to combat multiple CFOs. Iterative interference cancellation is used to further mitigate the ICI
and reduce the error floor. Simulation results show that the proposed algorithm is effective for
asynchronous cooperative systems. The algorithm has a moderate computational complexity and
a superior tolerance range of multiple CFOs, compared to existing techniques. Extension to
single-carrier systems with multiple STOs is also outlined.

3. BICM-OFDM to Combat Multiple Synchronous

Errors

In this section, we move on to the second perspective of combating synchronization errors
in cooperative MIMO communications. We will view the synchronization errors, not as
impairments which cause performance degradation, rather as potential sources of diversity gains.
Through careful design of a BICM-based scheme and an iterative receiver, it will be shown that
dramatic increase of diversity gain is actually achieved when severe synchronization errors exist.

3.1 System Model

We adopt the decode-and-forward protocol for this section, and BICM-OFDM [24] are
chosen as the transmission technique. Fig. 13 shows a generic block diagram of a system
employing BICM-OFDM, at the source side the information bits denoted b are first encoded by
the outer convolutional encoder and the encoded bits are denoted by ceC, C being the codeword
set. The interleaver [] operates on K OFDM symbols of encoded bits with the output denoted by
c¢’, then the inner differential precoder with recursive structure [34] is deployed to enhance
overall performance and its output is denoted by d. The resulting bits are mapped into QAM or
PSK symbols. The set of constellation points is denoted by ¥, as y bits are mapped into one of 2’
constellation points according to the mapping rule. After loading the modulated symbols onto
active subcarriers, OFDM signal x is generated via N-point IFFT and CP is inserted. The
performance depends on the size of interleaver that is yKN bits. Note that the encoded bits are
interleaved across several OFDM systems and it is called time-frequency interleaving. The
time-domain transmitted signal at Relay Node « can be written as

1 N-1 . 27nk

X“(k)zﬁnzox”‘( T

nje ¥, N,<k<N - (11)
where X,(n) is the modulated symbol at the n-th subcarrier, N is the OFDM symbol length, Ng is
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the length of CP, k is the sampling index, a€{1,2,..,M} is the relay node index, and M is the
number of relays. Assume the CP is longer than the largest channel delay spread plus timing
error so that ISI can be ignored.

Source Node

b | convolution | C c' d X X
—> encoder H »| precoder Modulator IFFT CP

A 4
A 4
A 4
Y

The « —th Relay node

—> Recm;"'e » FFT »| Detection » IFFT » cp X ® T
A
J.sta
e N
Destination Node .
Lo (d) La(€)  La(c) L. (b)
—p| Remove » FET R‘ ,aILSSOE | Precoding N i/II,SM?
cp ” i "1 Decoder > H » —>
Demapper Decoder
A
Lo (d)
IT [«

Fig. 13. The block diagram of the proposed scheme for asynchronous cooperative
communications

Time varying multipath Rayleigh fading channels are considered, and the discrete time
baseband equivalent received signal at the k-th sampling time can be expressed as

27K L1

y(k):ie’ NS hy (KX, (k=1 -7, ) +2(K)

a=1 1= (12)

where ¢, and z, represents the normalize CFO and the timing error between destination node and
the a-th relay node. Let h,(k,l) represents the I-th path gain of the multipath Raleigh fading
channel from the o-th relay to the destination. The wide-sense stationary uncorrelated scattering
(WSSUS) channel is assumed with

E[h! (k,1)h, (m,1)]=o?r(@s(-1") (13)

2
where “» denotes the variance of the I-th tap gain with normalized average power

MDA

autocorrelation ( r(0)=1), and o(l-7") is the Kronecker delta function. Moreover, assume the paths
are subject to Rayleigh fading, so that

h (1=, 00 =1, L is the number of multipath, r(q) denotes the normalized tap
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(@) = 3y (2 f, (k=m)T) 1)

f

where Jo( - ) denotes the zero-order Bessel function of the first kind and '« is the Doppler

frequency of the a-th relay node, T represents one OFDM symbol time, x,(Kk) is the transmitted
signal of the a-th relay node, and w(k) is additive noise, which is independently and identically
distributed (i.i.d.) complex Gaussian random variable with zero mean and variance o: . Consider
the model in frequency domain by taking the N-point DFT to y(k) in (2). The p-th OFDM symbol
in the frequency received signal can be written be

R, 2F*y(K)

M
H
= ZF E, H. ,FX, +Z,

p=L2.,K
a=1 (15)

A T
where R = [Ru, Ry, Ry, ] is an Nx1 frequency domain receiver vector, Ny,=(p-1)N

denotes the starting index of each OFDM symbol, F=1/VNexp{j2mk/N} js NxN the IDFT matrix

with (n,K), the entry [P =UINexp{j2z(k-D(-D/N} n _q o ..o N, X, = F'x(k) and Z, =

F"z(k) are the frequency domain transmitted data and additive noise, respectively, where X, and
Z, are an KNx1vector. Since FFT is unitary, the entries of Z, are still white complex Gaussian

- - . 2
variables with mean zero and variance ©°:.

3.2 The Receiver Algorithm

For the receiver, both MSE and MLSE equalizers can be used. Here we focus on the design
of MLSE receiver in the frequency domain and the overall receiver. The iterative receiver
consists of a Soft-Input Soft-Output (SISO) MLSE demapper/equalizer and Maximum A
Posterior (MAP) decoders for both the precoder and the convolutional encoder. The soft outputs
are typically represented by the log-likelihood ratio (LLRs). The signal detection in the
demapper/equalizer is carried out with MLSE.

The task of the equalizer is to estimate the transmitted X based on the received observations
R. more specifically, the maximum likelihood sequence estimation is to choose that sequence of
symbols X={x1,Xs,...,Xx} that maximizes the likelihood of the received sequence of observation
R={R1,R>,...,R«}, i.e., maximizes the joint conditional probability the P(R|X). the obtained
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sequence is the optimal solution and procedure is referred to as MLSE. There exist basic
approaches to implement an MLSE equalizer in [35].

Start with the states at the k-th stage of the associated trellis diagram that are related to the Q-1
most recent transmitted symbols, i.e.,

s, = (X X X X ) (16)

<—=D+k>y ? N<=D4k+1>y 11t Tkttt Dk 1>y
Thus, each state corresponds to one of the 2" possible vectors that can be formed from Q-1
symbols. There are 2’ allowable transitions that emerge from a state sy and terminate at 2’
different states sy+1, leading to a total of 2’¢ transition branches connecting two successive states
(sk—sk+1)- Each transition is associated with a cost, contributing to the total cost of a path along
the states. The cost of the i-th transition between sx and sx+; exists transition probabilities is
called a branch metric, connecting two specific consecutive states (Sk—=Sk+1), IS given by

1 _
7:(Sy & Sy) = —r‘z| R, —GX[ (17)

z

Notice that each state has 2” incoming branches except a few stages in the beginning and in
the end. Each incoming branch is due to the advent of a new symbol. Of the 2" incoming
branches, only the one connected, and the new symbol metric I'(Si) is calculated that formulation
represent

1—‘(Sk) = 1—‘(Sk—l)-i-]/i (Sk - Sk+l) + i I_IF\)/II’Ii_SE (d;)ﬂ,n(X) (18)

where Ly (+) is priori bit LLRs by the SISO outer decoder and A" (x) is represent the
constellation point x of the value at the n’-th bit. That retained path is referred to as survivor path.
After all states of the trellis have been gone through, the smallest state metric be found and trace
back that the X is obtained.

A soft decision as the log-likelihood ratio is obtained by

o) =i 2o (19)
Thus MLSE output bit LLRs is transformed by symbol metric.
Lyse (d) = In XZn P(R(K)|G,X)
e
~In > P(R(K)|G,X)
Xex
— Lise () , (20)
where 9 represent n-th bit at k-th transmit subcarrier is mapped, s represent constellation

point set of n-th bit is b €{0,1}.The inner and outer decoder are adopting a maximum a posterior
probability (MAP), output are the bit log likelihood ratio and log-MAX algorithm is usually
applied for lower computational complexity. A trade-off between complex and performance can
be achieved by different choices of D, K, and y.

The computational complexity of MLSE is O (IN2%) where | is number of iteration and for
the MMSE receiver it is O (N*) in one OFDM symbol. The MLSE is much more expensive than
the MMSE receiver when high order modulation or large D is used.
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3.3 Simulation Results and Discussion

To demonstrate the effectiveness of the MLSE receiver, Monte Carlo simulations are carried
out, and we compare the Bit Error Rate (BER) performance between the MLSE equalizer and
MMSE equalizer. Notice that both receivers effectively harvest the extra diversity gain provided
by synchronization errors.

We consider a BICM-OFDM system with N = 64, CP length = 8, and 4-QAM modulation. A
two-path wide-sense stationary uncorrelated scattering (WSSUS) Rayleigh fading channel
(generated using Jakes Model) between any relay nodes and each relay are equal power, the
convotional code uses G(D)=(1+D? 1+D+D?) as the generator polynomial, and G(D)=1/(1+D?) is
the generator polynomial for the precoder. One frame consists of 10 OFDM symbols.
Furthermore, perfect estimations of MCFOs and channel matrices are assumed.

Fig. 14 shows the BER performance versus SNR for the comparison between conventional
MMSE equalizer, traditional 1-tap equalizer and the MLSE equalizer in synchronous
impairments. For the simulation, normalized Doppler frequency fd=0.001 is employed at both
relays, the normalized MCFOs are 0.2 and -0.2. With the large MCFOs, the 1-tap equalizer
suffers an obvious error floor.
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Fig. 14. BER comparison between MMSE equalizer, 1-tap equalizer and MLSE equalizer in
the cooperative communication

On contrast, the MLSE equalizer not only successfully compensates for the ICI but also
obtain an SNR gain about 3dB. The benefits of SNR gain, we can via SINR to explicit
explanation and the derivation in appendix. The optimal solution is joint processing of
demodulation and decoding is considered, which lead to approach low bound. Notice that with
both equalizers the system achieves full diversity.

Fig. 15 shows the results for the two relay nodes and three relay nodes. It can be seen from
the figure that as the number of relay increases in the systems, the diversity order of distributed
BICM-OFDM increases up to the maximum diversity of min{MxrTxL,dfree}. It can be
observed that the tree relays case has a diversity order of 5 and the BER curve is steep.
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In Fig. 16, all the realistic synchronous impairments are considered. The timing errors is [0
3], normalized Doppler frequency is 0.1 for both relays and MCFOs is [0.2 -0.2]. In our
proposed the performance show efficiently collects the diversity form time diversity due to the
Doppler effect, frequency diversity due to timing error and special diversity converted to time
diversity due to MCFOs. It observed that the diversity is more than four.
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Fig. 16. The BER for cooperative communication under time error = [0 3], normalize
Doppler frequency = 0.1, MCFOs =[0.2 -0.2]

In summary, BICM has the potential to improve performance with relatively ease in many
OFDM wireless communication systems. It is shown that, with proper receiver design, the
BICM-OFDM can be effective to combat synchronous errors as well as harvest potential
diversity gain in cooperative communications. Typical BICM-OFDM systems suffer error floors
due to ICI caused by MCFOs and Doppler effects. To deal with such a problem, we propose an
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MLSE-based frequency domain equalizer combined with a turbo decoder to break the error floor.
The proposed approach has excellent BER performance, and it is flexible in a way that extension
to more relays for improvement in diversity gain is straightforward. The complexity is a big
problem in the receiver if D is greater than three, and future research in the complexity reduction
will be considered.
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Abstract — In this paper, a new space-frequency
combination technique is proposed for Alamouti coded
Orthogonal Frequency Division Multiplexing (OFDM) in
the context of cooperative communications. Since
cooperative antennas are distributed, there may exist
multiple carrier frequency offsets (MCFOs) which cause
problems for conventional space-frequency decoding. The
proposed algorithm, taking cues from existing MCFO-
compensating algorithms [13][19], combines two sets of
separately synchronized signal to mitigate inter-carrier
interference (ICI). Iterative interference cancellation and a
maximum-ratio-combining-like technique are also deployed to
further improve performance with low computational
complexity. It is observed that the proposed method
achieves better bits error rate (BER) performance and has
a superior tolerance of multiple CFOs, compared to
existing methods.
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