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Abstract— While OFDM is a good modulation scheme for the length of cyclic prefix (CP) [4], [5]. Because of this,
cooperative transmissions, the difficulty of synchronizing car- it may find wide applications in cooperative transmissions,
”reirm‘;requc?q“a‘ﬂ: O;d'lf‘”t?]‘ged ”;”S’V:I“gtgzv\f’rtﬁ{“i (éﬂﬁ Ofréft;)‘f similarly as it flourishes in conventional antenna array sys-
(pCP) an be useg ot only top?epsolve the timing ag%]chro?]ism, tems where i_t proyides a major advantage in simplifying
which is well-known, but also to mitigate the carrier frequency the channel dispersion problem. Nevertheless, OFDM suffers
offsets (CFO) among the transmitters. Depending on the CP critically from the loss of carrier frequency synchronization, in
length, CFO can be mitigated or removed completely, which which case the CFO incurs inter-carrier interference (ICI) [6].
;ﬂ?&?eﬂt;ggegﬁﬂgagadem between bandwidth efficiency  This CFO problem becomes even worse in multi-transmitter

P ' OFDM systems because of the increase in inter-transmitter

I. INTRODUCTION interference, not only ICI [5].

Cooperative transmissions have attracted great attention’Vhile the CFO problem is still mostly open for research
recently. By sharing the antennas of multiple distributed tranl CoOperative OFDM systems, it is an extensively studied
mitters or receivers to create virtual antenna arrays, coop&HPIECt in single-user OFDM systems [6], [7] and multi-user
ative transmissions have been shown to enhance bandwi®iPM systems [8], [9]. One may argue that cooperative
efficiency, power efficiency, reliability, etc [1]. An important©FPM systems are similar to multi-user OFDM systems
form of cooperative transmissions is to adapt the existif§uch as OFDMA and MC-CDMA [10]). However, this also
antenna array techniques, such as space-time block cofi&ans that both of them have multiple different CFOs so that
(STBC) [2], into the distributed environment. This has gred®mplete CFO cancellation is difficult. More important, the
importance in practical wireless networks considering th&€centralized operation nature of cooperative transmissions
small wireless nodes may not be able to have physical antedA@kes the existing CFO mitigation techniques of the multi-
arrays, while antenna array techniques are viable to them, USer OFDM systems not suitable for the cooperative OFDM

As far as the distributed implementation is concerned, orf®¥Stems [11]. _
of the major issues is the synchronization of the coopera-!n this paper, we present a novel approach for CFO mit-
tive transmitters. The “synchronization” in this paper referigation or even complete cancellation. Our basic idea is to
specifically to the synchronization of the carrier frequencyltilize the redundancy of the long CP. A unique feature of our
and arrival timing of all cooperative transmitters, i.e., theifPProachis thatitis implemented purely as a “pre-processing”
signals should have the same carrier frequency and timiRgPcedure, independent from cooperative encoding/decoding
when arriving at a receiver. Using the receiver's local carri¢fetails. In other words, it simply makes the CFO problem
and timing as references, perfect synchronization means z&@sparent to the cooperative OFDM transmlssmr;{de&gns.
carrier frequency offset (CFO) and zero timing-phase offset SOMe important notations are listed beldw.", (), (-)*
(TPO). Without such a perfect synchronization, many existing€note matrix htranspose, Hermitian and pseudo-inverse;
antenna array techniques such as STBC can not be dire Rpote}sl then'" element of a vector andl,, , denotes the
used in cooperative transmissions [3]. (m,n)t element of a matrix, whgrm,.n are counted frpm 0

Orthogonal frequency division multiplexing (OFDM) trans_dlag(x) denotes a cﬁagonal matrix Wlth dlag.onal entries .Ilsted
mission technique is desirable for combating the loss 1 the vectorx; 0., is zero vector of dimensiom, 0« is
timing-phase synchronization, since any limited propagatiolf > IV zero matrix, and y is N x N identity matrix; z|N
delay (or timing-phase) difference among the signals of c&€notest mod N.

operative transmitters can be tolerated by simply increasing "€ rest of the paper is organized as follows. In Section
I we give the cooperative OFDM transmission model. In

OThis work was supported by US AFRL under grant FA 8750-06-2-0165ection Ill, we describe our CFO mitigation algorithm. Then
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Fig. 1. Multi-transmitter cooperative OFDM transmission and receiving block diagram.

we conduct simulations in Section IV and conclude this papamhere IV, is the length of the CP and/ is the IFFT block
in Section V. length (we also define it as OFDM block length). Obviously,
Ng> L+ In<alx d; should be satisfied in order to avoid IBI.

In add|t|on we assumg/ > L+0<m<a;< d;, which is usually
<i<I—1

Il. SYSTEM MODEL

Consider a cooperative transmission system witbhoop-
erative transmitters and one receiver as shown in Fig. 1. A
the I cooperative transmitters are assumed to have the same
data packet that is to be encoded and transmitted, using som
predefined cooperative encoding schemes such as cooperative
STBC [3]. The encoder outpub;(n), i« = 0,---,1 — 1, Zh )si(n — ¢ (2)

n = 0,1,---, are then OFDM modulated, which gives the

OFDM signals;(n). Note that each transmitter may use all or @ased on which the composite signal received by the receiver,
portion of the OFDM sub-carriers depending on the predefinggth delayd; and CFOe; considered, is

cooperation schemes [4], [5] that we do not need to specify

(because our proposed method is independent of them). qu n— eJ(e7n+¢ ) 4+ v(n), ©)

The discrete baseband channel from #i& transmitter
to the receiver is assumed frequency selective fading wit
coefficientsh;(¢), £ = 0,- - -, L. Without loss of generality, we
let all the channels have the same ordeiFrom the received
signalr(n), the receiver mitigates the asynchronism in carriéf ~
frequency and timing using our proposed method, after Whléf‘?“anceg

conventional OFDM demodulation and cooperative decodin ) . . .
P 9 From the received composite signal, a conventional OFDM

techniques such as [4] are applied.
demodulator would remove CP and consider the sample vector
With the consideration of asynchronous transmitters, the(0 7N — 1)]”. In our case, from (2)-(3) this

signal of each transmittermay have a propagation delay ves
and a CFOQx; (relative to a reference timing and a referencd

reality in practical systems.

dhe noiseless signal from thé" transmitter is

r\1ere ¢ is the |n|t|al phase, i.e., the phase of the residual
carrier of thei!” transmitter's signal in the symbol interval
= 0. The AWGN o(n) is assumed with zero-mean and

local carrier) when received at the receiver. We assdmt® -1

be integer (with symbol interval as unit) since the fractional r(0) = Y e/ E;(0)H;(0)s;(d;) + v(0), 4)
portion of the delay contributes nothing but some extra channel =0

dispersion which can be assimilated into the dispersive chanmgiere the symbol vectas;(d;) = [s;(—d;), -, s:(N — 1 —

model. The CFQ;; is derived as the residual carrier frequency;)]”, and the channel matrid;(0) is N x N circulant. The
normalized by the OFDM sub-carrier frequency separation [9N x N diagonal matrixg;(0) = diag{1, e’ - - -, e/« (N-1}

Both d; ande; are assumed non-negative with some knowis defined as the CFO matrix. The AWGN vectorif)) =

upper bounds. In order to simplify the problem, we assunie(0),---,v(N —1)]7.

e; # ¢; for all i # j. As will be clear after Section IIl, if

€; = €;, we only need to consider one of them, which is To remove the negative indices i (d;), we substitute

equivalent to reducing the total number of transmitters by lall the negative indices with the equivalent positive ones
The transmitted signas;(n) is derived from the Inverse by CP, which leads tas;(d;) = [s;(N — d;),---,s:(N —

Fast Fourier Transform (IFFT) of the encoded symbgh). 1),s;(0),---,s;(N —1—d;)]*. Then, we rearrange the order

Since there is no inter-block interference (IBI) thanks to cycliof the entries ofs;(d;) to gets; = [s;(0), -+, s;(N — 1)]7.
prefix, we consider one OFDM block for notational simplicityBy switching correspondingly the columns HF;(0), we can
Then thei*" transmitter’s signak;(n) can be written as change (4) into
1 N-1 I—-1
— ) bi(k)edTEIN N, <n<N-1 (1 r(0) =) %E;(0)H;s; + v(0), 5
=75 g<n< (1) 0)=>" (0) (0) (5)

k=0 i=0



where (5), i.e.,

On—r-d;, hi(L) -+ hi(0) 0g,—1 -t
- ON-—r-di+1 hi(L) -+ hi(0) Og,—2 ©) r(m) = % Ei(m)Hs; + v(m), ©)
i = . . 1=0

On_r—a;—1 hi(L) -~ hi(0) 0g4 where
is N x N circulant with right cyclic-shifted rows. One of the E;(m) = [
interesting characteristics of the model (5)-(6) is that the delay
d; is contained inH; only, whereas the CF@; is contained andE, = diag{e/<(-™) ... eici(-m=1+mIN)} B, — diag{
in the CFO matrixE;(0) only. This property permits us to eic(=m+mIN) ... ejei(N=m-1)1 Note that we have used
mitigate CFOeg; independently fromi;. d; < N andN —d; — (—=d; — m)|N = m|N when deriving

If there is no CFO, i.e.E;(0) = Iy, then performing (10).
FFT onr(0) leads to the conventional cooperative OFDM Noticing that (9) and (5) contain the sari®; ands; but
demodulation [4]. The situation is different with CFO, wherdave different CFO matrices, we can stacking together all
the major problem is thaE,;(0) prevents the diagonalizing gyailable vectors(m), 0 < m < M 2 Ng_L_OénE}‘ 1di+

of H;, but instead causes IC| as well as multi-transmitter T . T 1S
interference, if directly conducting FFT. Therefore, we needy ©© 98ty = [r7(0), -, x7 (M —1)]". Then we have
E;(0)

to look for ways to reduce or remove all tHieCFO matrices

O(m|N)yx (N —m|N) E, (10)
Ey O(N—m|N)x(m|N) |’

I—1
E;(0). y = Zej@ H;s; +u
=0 X —
Ill. CFO MITIGATION AND CANCELLATION I Ei(M —1)
A. Using Redundant CP 2 N e AHs; +u, (11)
=0

Our basic idea is to exploit the redundancy of the CP based . . T ) _
on the structure of the signal model (5). If the CP lentthis Whereu = [v* (0),---, v (M — 1)]". The dimensions of

longer thanL + max d;, then in addition to those in(0), andA; are M N x 1 andMN x N, respectively.
0<i<I-1 Our basic idea is thus to design ahx M N CFO mitigation

we have more IBl-free sample§—m), 0 <m < N, — L — matrix X such that

Ogr%a;(_l d;, with which we can construct new sample vectors XA, = Iy (12)
r(m) = [r(—m), -, r(N — 1 —m)]”, and we have

foralli=0,---,1 —1. If X is available for (12), then CFO

-1 - can be mitigated via
r(m) = &% EB(m)H;(0)si(di +m) +v(m), (7) z = Xy. (13)
=0
. ) : Note that a straightforward solution foX is
where E;(m) = diag{e/s(=™) ... eis(N=1=m)1 the sym- g
bol vector Sz(dz + m) = [87(—d1 — m), .- ',Si(N -1 - Eo(O) E]_l(O)
d; — m)]", and the channel matri¥l;(0) is the same as x _ Iy - Iy] . .
that in (4). It is easy to see that(d; + m) = [s;((—d; — E (M _1 E (M 1)
m)|N)a581(N_1)587(O)7751((N_1_d7_m)|N)]T’ 0 =1 (14)
where we use moduldv operations in order to cope with If (12) can be satisfied perfectly, then we hawe —

extremely largem (since we may use long CR, > N). Zz_1ej¢iHiSi + Xu, which is a conventional CFO-free

i . v L 0
Next, we re-order th_e entries ef (d; + m.) to change it into OFDM sample vector after removing the CP. Note that the
the vectors;, and switch the corresponding columnsHin (0)

o . . ; scalare’?: is nothing more than a phase factor of the channel
f(;mllarly as whatwe did in (5). The resultis that () is chang - With the vectorz, conventional OFDM demodulation can

+

I-1 be applied to detect symbobs(k).
r(m) = Z eV Ei(m)H,(m)s; + v(m), ®)

i—0 B. Element-wise derivation of the CFO mitigation matrix
whereH;(m) is an N x N circulant matrix. Its first row is One of the major problems is whether (12) has accurate
0—a,—m)\N—rL,hi(L), -, hi(0),0n_1_(—q,—m)n], @nd its solutions. Another problem is the computational complexity of
rest rows are the right cyclic shifts of the first row. solving (12) for the solution. The way of using (14) is clearly

ComparingH; (m) with H; in (6), we see that if we move not desirable considering its high complexity. To address both
the first N — d; — (—d; — m)|N rows of H;(m) to the problems, we conduct an element-wise analysik gfim) and
end of this matrix, then we can chand&;(m) into H;. X, which will lead to more efficient algorithms.

Taking this adjustment, and changing the columngipfm) Considering the structure of the CFO matrices (10), with
correspondingly, we obtain from (8) an expression similar teome tedious but straightforward verification, we can see that



each CFO matrixE;(m), 0 < i< T -1,0<m < M —
1, has non-zero element:[(‘“+™)IN=7] only in the [(¢ +

m)|N]*" row and the/*" column, which means that (10) can

be described element-wise as
e]él(pfm)v
LACDIER SR

where0<p< N-1,0</<N-1.

if p=({+m)
otherwise

N as)

Since not allr(m) have to be used, we choo&k vectors
from them, which we define as(myo),r(m1),---,r(mg-1).
where the integer indices satisfy

0<my<mi <---<mg-1<M-1 (16)

Note that the corresponding CFO matrices &e(my),
-+, E;j(mg_1), respectively, for0 < i < I — 1. Then (12)
is changed to looking for afv x N@Q CFO mitigation matrix
X such that

E;(mo)
X : =Iy, 0<i<I-1. (17)
Ei(mqg-1)
Let thekt rowof X, 0< k< N — 1, be
X = [Xk(mo), Xk (m1), -+, Xk (Mq-1)], (18)

where eachxy(m) is a1l x N vector. Using[x;(m)], to

denote the!” element, (17) is equivalent to an element-wise

representation
Q-1N-1

1, for /=k
Zozo[xumqﬂp[laxmq)]p,e:{ oy a9
q=V p=

forall ¢=0,---,N — 1.
Let us consider thé = k case of (19) first. Due to (15),
we can reduce (19) into
Q-1

> %k (1) () |8 (B (M) (o) v = 1.
q=0

(20)

Applying the element value of (15) into (20), we obtain
Q-1

Z X5 (M) (- ! LT IN=mal — 7
q=0

(21)

Because the same set@fvariables{[x (1) (x+m,)n: 0 <
g < @ —1} need to satisfy (21) forall < i < I —1, we can
find them by solving

Bkzk = b, (22)
whereb = [1,- -

B =
edeol(k+mo)|N—mo]

,1]7 is an N x 1 vector, the matrix

edeol(k+mq-1)[N—mg_1]

eier—1[(k+mq-1)|N-mq_1]

(23)

eder—1[(k+mo)|N—mo]

has dimensiod x @, andzy is theQ x 1 variable vector

[Xk (mo)](k+7n0)\N
: (24)
Xk (mQ-1)] (jtme_ 1) v

Obviously, in order for (22) to have solutions, in general
we need

Q=1 (25)

which means the number of sample vectofs:) should be

no less than the number of transmitters. Considering that the
matrix B may not be square or full rank, the solution of (22)
can be written as

zi = Biib, (26)

and we need to calculate (26) for &l < & < N — 1.
Note that although the matrix inverse is still involved, (26)
has a complexity much lower than (14) because the matrix
dimension is reduced by orders.

The k" row of X has NQ variables (c.f. (18)), but only
Q of them are determined in (26). Fortunately, thanks to the
special structure of the CFO matrices, the rest of A€ — 1)
variables do not play any role in (20), and can be simply set
as zeros. This zero-setting is in fact not an option but a must
when considering (19) for the cage# k, which is

Q-1

> 1%k (M) (e (3 [Bi (M) (¢ v, = O-
q=0

Fromthe range of, k,i.e.,0 </ < N—land0 < k < N-—1,
we see that # k means

(L + mg)|N # (k4 mg)|N.

As a result, the variablels (mg)] ¢4+-m,) v in (27) are differ-
ent from the variablegx (mg)] (k4-m, )~ in (21)-(24), so we
can simply let the former be zeros for (27), i.e.,

[Xk’(m(I)];D =0, Vp# (k+mq)|N7 0<p<N-1. (29)

From (26) and (29) all th&vQ variables of thek ‘" row of X
are determined. Repeating this procedure for each ofithe
rows, the matrixX is thus available.

Note thatX need only be calculated once if the CFOs are
constant. The calculation of (13) can also take the advantage
of the sparse structure &. Details about complexity analysis
and conditions for complete CFO cancellation can be found
in [11].

(27)

(28)

IV. SIMULATIONS

In order to evaluate the performance of our algorithm, we
simulated a system with two cooperative transmitters and one
receiver, using Alamouti STBC [1], [2]. We used = 32,
QPSK. The integer delays$;, the CFOs¢;, and the channels
(with order L = 3) were all randomly generated for each
transmitter during each run of the simulation. We used 10,000
runs of the simulations to derive the average symbol error rate
(SER) under various signal-to-noise ratio (SNR) or various
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Fig. 2. CFO mitigation capability of our “New” algorithm, simulated with

|d2 — di| =1, and rCFQO0.3 or 0.5.
rCFO was not very small. In contrast, our new method showed
In Fig. 2, we used the sample vectar®) andr(32), and almost constant performance under various rCFO.
the results show that our algorithm has good performance in V. CONCLUSIONS

combating CFO, even when the relative CFO (rCRQ)— «| n this paper, we proposed a new algorithm for multi-

is large. The performance is less than 3 dB worse comparte it tive OFDM t . hich it
with the “perfect’ OFDM. ransmitter cooperative ransmissions, which can mit-

igate or cancel completely CFO using redundant CP. The
algorithm is formulated as a computationally efficient pre-

10° —— processing procedure independently from the cooperative en-
g coding/decoding details, and may thus have ubiquitous appli-

(1]

—e—Use r(1) |
| ——Use r(10)|-
| ——uUse r(20)|
——Use r(32)|

(2]

Symbol Error Rate

(3]

10 15 20 25 [4]
SNR(dB)

30

Fig. 3. CFO mitigation performance of our “New” algorithm increases with(®]
longer CP. rCF&: 0.2, |d1 — do| = 1.

Fig. 3 shows the results of the trade-off between the CI]
length and the CFO mitigation performance. It can be seen
clearly that the CFO mitigation performance increases withy)
longer CP, up to a perfect CFO cancellation wh€f2) is
used. 8

In Fig. 4, we varied the rCFO over a wide range from
to 0.9, and compared the performance of our algorithm to the
conventional OFDM receiver and the “HL” CFO mitigation (g
scheme [9]. Note that for the conventional OFDM receiver, we
simply estimated the CFO at the middle of each OFDM bloc
and used it to achieve a certain level of CFO compensati
As shown in Fig. 4, the conventional method did not resolv1]
the CFO problem, neither did the “HL” scheme when the

10
ﬂ.]

cations in cooperative OFDM transmissions.
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