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Abstract— In this paper, we propose double-differential (DD) protocol does not need any advanced signal processing at the
modulation for amplify-and-forward (AAF) cooperative commu-  relay or destination contrary to the DAF protocol and gelhera
nications system. The proposed system works very well in the herforms petter than the DAF protocol particularly at highe
presence of carrier offsets without any channel knowledge, wie SNRs
the previously proposed differential AAF cooperative system > o
breaks down. We have derived the approximate symbol error It is normally assumed that the destination and relay have
rate (SER) of the proposed system. In addition, numerical power perfect knowledge of the channel. However, in practice, it
allocation is proposed to further improve the performance of js difficult to estimate the channel gains accurately when
the system. The proposed cooperative system outperforms &h ne channel remains stationary for small number of symbol
same rate trained cooperative system and conventional direct durations. In order to avoid channel estimation. diffeignt
transmission based DD system. = . - . ! o

modulation can be implemented in cooperative communicatio
. INTRODUCTION systems [4], [5], [6], [7]. However, if there is a carrier

. offset due to the mismatch between the transmit and receive
In the last few years, it has been proved that cooperative”. . : . .
oScillators or relative motion of the receiver and transenit

cqmmunlgatlon 'S a promising tgchn!que for prowdmg tFan%he channel doesot remain stationary over two consecutive
mit diversity and improved capacity without a physical zumiz time-periods. which is an assumption in diff tial .
{8 p , ption in differential cadin

array [1]. The cooperation between the users helps them . .
. . In"such cases, the performance of the differential scheme
share the system resources to improve the quality of service

The cooperative transmission converts the single-inmglst egrades su.bstan.t lally. This is an.lmportant practlcabpim
. X . for cooperative wireless communications, which has not yet
output (SISO) systems into a virtual MIMO system by adding ; ; . .
o . . o 4 Been given much consideration. A conventional and popular
additional space dimension to the transmitting terminals [ . . )
2] solution of removing the effect of carrier offset from the
Lo . . received data is to use a training based carrier offset esti-
Various cooperation protocols for wireless systems were

proposed in [3]. In the most basic decode-and-forward (DA éator at the receiver. This estimated carrier offset is used

mpensate the received data before the actual decoding [8]
protocol, a user (source) needs to select another user : .

. o [10]. However, this method reduces the effective date.r
agrees to relay its data to the destination. The source sehd$

) . . oreover, the compensation error increases with time and ma
information to the relay and destination as well. The rela b nd

decodes the data sent by the source and retransmits Ifitroduce an error floor in the system performance [11].

T S f this paper, our main contributions are: 1) We propose
decoded data to the destination. Hence, the destination B%%ble—differential (DD) modulation for AAF cooperative

two received replicas of the same data and the quality 0 C -
iIreless communications to overcome the fast variation of

reception is expected to improve. However, even at higm . .
. . . e channel because of carrier offsets. 2) We derive an upper
signal to noise ratio (SNR) the relay cannot decode the dat ) PP

L Bund for the SER for DD modulation with AAF protocol
perfectly and relays erroneous data to the destinations T
; AAF). 3) Based on the upper bound of the SER expres-
causes error floor in the performance, and, hence, the D

. : LT ions, we determine the numerical power allocation for the
protocol cannot achieve full diversity in its pure form an(}%

X . o D cooperative systems.
needs some intelligence added.to the relay or destlnatlpn O The rest of this paper is organized as follows: In Section Il
improving the performancg. This may cause Increase in .trhee system model and DD modulation for a single-input
cost and power con_sumpnc_)n at the rel_ays and de.Stmat'QsPhgle—output links are discussed. Section Ill implemddi
Another form of basic relaying protocol is the amplify-and- C : o
4 . modulation in the AAF cooperative communications. The SER
forward (AAF) protocol. In this scheme, the relay simply

e . . D ) f lysis of DD lati ith AAF li
amplifies the received data without decoding it and retrallsxsmpz:fg:mzlgci?1 Znea::t)ilslns Ic\)/ A trggiiu i[;)sneéwct:oo eraFt)i:/Oetoco t(':
the amplified data toward the destination. The destinataw n P . 9 P IS

has two different copies of the same data and applies siglnsalImplemented in Section V. In Section VI, the analytical

. . . I nd simulation results are discussed and details of power
processing techniques to estimate the original data. The Agllocation for minimizing the upper bound of SER of DDAAF

This work was supported by the Research Council of Norwayepto coopergtlve system 1Is prowded. Section VII contains some
176773/S10 called OptiMO, which belongs to the VERDIKT peog. conclusions.
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Fig. 1. Cooperative system with carrier offsets.

II. SYSTEM MODEL AND DD MODULATION

We consider a basic cooperative communication system,
which consists of one soureeone relayr, and one destination ®
d terminal as shown in Fig. 1. Each of them can either transmit Fig. 2. Double-differential (a) encoder and (b) decoder.

or receive a signal at a time. The transmission of the data fr%} € [—7, 7> is an unknown frequency offset. The receiver

source to destination terminal is furnished in two phases. tjnakes a decision variableljn] = X[n]X*[n — 1], where

the first phase, the source broadcasts data to the desm'naggn] — 2[n] 2" [n — 1] as shown in Fig. 2 (b). The maximum

and the .rellay. The re"f"y amp!iﬁes the received dat.a afiRelihood (ML) optimal decoding of [n] is performed in the
retransmits it to the destination, in the second phase. mmavfollowing way [14, Eq. (15)];

interference, the source and the relay use orthogonal efgann A y .

for transmission [3]. For ease of preZentation Wg assunte tha &l = argﬁQ%’RE{X[”}X [ —1]2"} (3)

in both phases., _th_e source anq relay transmit stream of datg|| p ouBLE-DIFFERENTIAL MODULATION FOR AAF

through time-division multiplexing (TDMA). In the TDMA COOPERATIVE COMMUNICATION SYSTEM

scheme, the source has to remain silent in the second phase in . i .

order to maintain the orthogonality between the transioissi If we use DD modulat|0|j in the F:oopgratwe communica-

However, in the frequency-division multiplexing (FDMA) ortlon _sys_tem_, the data received during thest phaseat the

the code-division multiplexing (CDMA) schemes, the sourcgestination is

and the relay can transmit at the same time. Inl = /P h. , 4
The time varying channel between link and ¢, i.e., soaln] =V Pihs.lnlo o] +es.alnl, “

hy.4[n] is modeled ash, ,[n] = h, ,e’»", where(p,q) € and at the relay is

{(s,r),(r,d),(s,d)}, hy4 is a flat fading channel coefficient

which remains constant over at ledistee time-intervals, and Tor [ =V Prhsslnfv(n] + eor In], ©)
wp,q is random (normalized) carrier offset which also remainghere P, is the power transmitted by the sourde, [n] =
constant over at leagtreetime-intervals. However, due to thep, je/vs.am h, .[n] = hg e’ ", hy, and h,, are the

phase terme’“»", hy, ,[n] varies with timen even ifh, , and  flat fading channel gains, and, ; and w, , are the carrier

wp,q are constant. The random offsets , are assumed to be offsets between source and destination, and source ang rela

uniformly distributed ovef—, 7>, however, in general, thererespectively, es.a[n] and es, [n] are AWGN noise of the

is no restriction over the probability distribution of théfsets two links, n» = 0,1,...,N — 1, and N is the number of

and they could be arbitrarily distributed. time-intervals used for transmission. The relay amplifies t
Let z [n] denote the symbols belonging to the unit-nak  received data of (5) and retransmits dursegond phasesuch

PSK constellation= to be transmitted at the time. In DD  that the received signal by the destination in $eeond phase
modulation, the transmitted signaln] is obtained fronz: [n] js:

as shown in Fig. 2 (a):
pln)=pn—1]z[n],
v[n] =vn—1p[n], n=2,3,...,

Tp.q [m] =\ Pohyg[m]zs . [m] + e,.q[m], (6)

1) where h, 4[m] = h, 4e?“m4™, h, 4 is the flat fading channel
gain, w, 4 is the carrier offset between relay and destination,
with [v[0]| = [v[1]| = 1. As |z[n]| = 1 for the unit-norm e, ;[m| is the AWGN noise,m = 0,1,...,N — 1, and
M-PSK symbols, it follows from (1) that [n]| = [p[n]| = P, is amplification factor to maintain a constant average
1,Vn > 0. We consider a flat fading SISO channel with carrieransmission power during the second phase and defined as
offset described by P
7 2
x[n] = /phinjvn]+eln], n=0,1,..., 2) PZ:W’ )
where h[n] = he’™, z[n| is the received signalp is the where P, is the average power transmitted by relay. It is
transmitted signal powerh is the channel gaing[n] is assumed thaP, + P, = P, where P is the total transmitted
complex-valued additive white Gaussian noise (AWGN), ambwer from the source and relay over the two phases. Next, we



propose the following maximal ratio combining (MRC) [12Jwhere M., (-) denotes the moment generating function (MGF)
based scheme for a DDAAF receiver of . For independent Rayleigh fading channels, 4%,
d[k] = on(s,a[n] 25 g [n — 1) (2san — 1] ag 4[n —2])" \hr.a|?, and|hs,,|? are independent exponential random vari-
+ (g [m] 25 g [m — 1)) (@ [m — 1] 25 [m — 2))*, (8) ables with parameters/o? ot 1/ard7 and1/o? ., respectively. _
The SNR of the cooperatlve link between source and destina-
wherek = n = m, i.e., the data received by the destinatiotion through relay(s, r, d) under DD modulation can be ob-
during the same time interval with respect to the beginnihg tained by substituting (5) and (7) into (6), and finding agera

the each phase is combined, amngdanda, are given as signal and noise power oY, 4[m| = x, 4[m]z} 4[m — 1] as
1 2 P2 4 4
a] = , 9 o P{P§ | hg | [hrdl
S v F o= AR Vel
and AssumingP |hs..|> + Py |hy.a|* >> o2, then using the result
(Pl \hs T‘2 + 02)2 of the MGF of harmonic mean of two random variables in [19,
g = ’ ’ (10) Ea. (7)], MGF of the decision variable of DD modulation
k in [18, Egs. (20) and (22)], and after some manipulation it
where can be shown from (15) that the MGF 9f ,. ; can be written

_ {2P1P22 yal* |hs.p|? 02 + 2P, Py as

256 P, Pyo? o2 a0 exp( 14(11)))

s, r-r,

x (Pyo?, +0%) |hpal |hsr|* 0% + P hyal* o + 2P
36%(x (V)

x (Pyo?, +0?) |hpal” o* + (Pro?, + 02)2 04} .
_ _ . . . .. . 16 (Pldsﬂ, —+ P20T,d) 0'2 35
In (8) a; ! anday, ' are the noise variances in the decision vari- o Fy <3, 2750 8(&x (w)))

M’YS,T,J (gﬁ (77[})) =

ables z, 4 [n — 1] wtg[n—2 and z,q[m— 1]} [m - 2], Béz (¥))
respectively. However, as we intend to use DD modulation, 15
the destination and relay are not expected to have knowledge +o I <2, 379 5(€x (1/)))) } , (16)
of the channel gains, therefore, we can emulate the MRC b ere
replacing the channel coefficien|t1$S r\ |h,«d| and|hs, d| 2
by their variances? ., rd, ando? v respectively, in (7), (9), Bz (W) = 40° (V Pros, + P20nd)
and (10). Then the data is decoded as +ez () PlP?Jf,rag,da (17)
2 [n] = arg maxRe{d [k] ="} . (11)
zez
1 9 2
IV. SER PERFORMANCEANALYSIS 6z (V) = 3= o) 4o ( Piog, —/ PZUr,d)
The emulated maximum ratio combining (EMRC) obtameq +ex (1) P, Pyo? Uzd} (18)
by replacing the squared absolute value of the channel gains _ _ _
by their variances in (8) will perform poorer to the ideal MRGNd 2 F1 (-, -; ;) is the Gauss Hypergeometric Function [20,
scheme given by (8), (9), and (9) [12]. For the simplicity, w&Q. (15.1.1)]. The MGF ofy, 4 can be written as [18]
assume that the instantaneous SNR of the EMRC scheme is exp ( f;ﬂ”)
4
VR Ys,d T Vs,rds (12) M, (5 () = (19)

1+ asa(éx ()
where~; 4 and~y, , 4 are the instantaneous SNRs of the dwec;Nhere% d(§ () = Ex (¢)) Pro? d/ (20 )

link between source and destination, and cooperative link

between source and destination through relay, respegctivel Lemma 1: The SER of AAF cooperative communications
This assumption is justified by the simulation results in -Suystem with DDMPSK modulation can be upper bounded as
section VI-A as the EMRC scheme performs very close to 2048P, Pyo? 07 40 eXp( MTM)

the ideal MRC scheme. If/-PSK modulation is used with Py <

instantaneous SNR, the conditional probability of symbol 3k(ar)
error for double-differential modulation can be writtenthwi 32 (Pw'?,r +P2037d) ? 3 5
F . — -
the help of [18, Eq. (13)1 andM[117ﬁ Eq. (11b)] as X e 27 (3 55+ M))
Py hs,d7 ER) r,d :7/ exp (—vy &= (¥))dy, 1 5
t = e @) wafi (25500D) ) @)
P (13) 2'2’
where{ s (1) = W Averaging (13) over the where
. Sin sin ﬁ 2
channel ga|(nh§7\{\:we get the following SER B(~— M ) = 802 ( /P105r+ P20T7d>

1

Ps = ;/0‘ " M’Ys,d (gﬁ (’(/}))M'Ys,r,d (gﬁ (w))d% (14) +P1P20’5 TerSiIIQ(%),



T\ 1 9 2
$(57) = 5 {2 (VP = Vo)
3PPt olal
andx(§7) = (202 + Plag}d sin? (ﬁ ) 32 (ﬁ)

Proof: As 0 < sin(¢+ %) ,siny < 1, therefore

settingsin (¢ + %) = sin¢ = 1 in (14), we can obtain th
upper bound of (20). |

S

+ sin?(

V. IMPLEMENTATION OF TRAINING BASED COOPERATIVE
SYSTEM

In this section, we will show how to implement a trair
amplify based cooperative system for comparison with
proposed DDAAF system. Let us assume that the traine:

coder at the destination utilizes th&o initialization symbols *: - Upper bound (20)

as training data, and estimates the carrier offsets and-: —O— Simulated SER

nels using the following maximum likelihood estimators [ || [0 Anaytcal SER(14)] | |

Egs. (9.7.27) and (9.7.28)]: 10 0 5 10 15 20 25 §€)

SNR [dB]

o =arg (22" 0}, b= (af0] + exp(—p2no)ell]).

(21) Fig. 3.  Analytical and experimental performance of doubféedéntial
where arg{~} provides angle of the complex scalar a,mj* cooperative system with amplify-and-forward protocol.
stands for the complex conjugate. [21, Egs. (9.7.27) and
(9.7.28)] are proposed for am, x N space-time block code o2, in (23). In addition, it can also be assumed that relay

(STBC) in a MIMO system, wherey, is the number of 5.4 destination has perfect knowledge abstit, o2, P;, and
transmit antennas and/ is the time dimension. However,P ”

we are working with a cooperative system containing SISO
links. Therefore, we use;, = N =1 in [21, Egs. (9.7.27)
and (9.7.28)] for obtaining (21). In the trained system, theV|. ANALYTICAL AND EXPERIMENTAL PERFORMANCE

1
2

symbolsz[n] are directly transmitted in the space without any EvALUATION OF DDAAF SYSTEM
differential encoding. Therefore, the received data eqoat
for such a system can be obtained by replacifig by z[n] All simulations are performed with the following assump-

in (4), (5), and (6). Let us also assume tht] = z[1] = 1.  tjons: All links are assumed to be Rayleigh distributed, akhi
The receiver at the destination makes the following MR¢emain constant over at leasiree consecutive time intervals.
based decision variable [12] Moreover, all the links are assumed to be perturbed by differ
d[k] = 5d exp(— 270 4)ys.aln] ent random carrier offsets randomly distributed in the eang
o2 5aIT5 of [—m, m >, which also remain constant over at ledistee
Azr 4 R consecutive time intervals. The symbols drawn from unitmor
Ex exp(—727mWs r.d)yr.alml, k=n=m, (22) QPSK constellation are used for cooperative transmisgitin.
ﬁimulation results are obtained fo0> channel realizations.

+

whereh, . 4 is the effective channel over the cooperative lin
(s,r,d), ws rq is the effective carrier offset introduced by the
cooperative Ii.nk, an@s}d[n] andy,,d[m} are the data refce.ived A. Analytical and Experimental Performance
due to the direct transmission and relayed transmission, re
spectively, andEy is the total noise power ip,.q[m], which  Fig. 3 shows the analytical and experimental performance of
is given by the proposed DDDAF based cooperative scheme with random
oo (Pio2, + Pylhyg|* + 0?) o 53 cCarrier offsets. We have plotted the upper bound of (20) for
N = P02, + 02 (23) QPSK constellationP; /P = P,/P = 0.5 and Ug,d =o0l, =
From (23), it can be seen thﬂ}v Contain3|h7,7d|2_ However, U?,d = 1. The simulation results of the proposed scheme are
it is difficult to estimateh, ; separately as it can be seerflso shown under the same conditions. From Fig. 3, it is seen
from (6), that the relay transmits amplified version of the that the upper bound (20) is tight and remains consistent at
receivedsignal corresponding to theaining datatransmitted approximately 1.5 dB from the simulated SER. We have also
by the source. As the channel statistics vary far more slowpjotted the analytical SER obtained in (14). It can be seen
than the channel coefficients, we can assume that the destf@m Fig. 3 that the experimental results follow closely the
tion has a perfect knowledge @fgd_ Therefore, the trained analytical results. Hence, this justifies the assumptiderta

decoder can obtain the decision variable by repla¢ing|? in (12).
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Fig. 4. Double-differential cooperative system with ampbfnd-forward Fig. 5. Numerical power distribution by (20) in the case, wiadifinks are
protocol andP, /P = P2/P =0.5ando? j =02, =02 = 1. available,— o — for o2 , =02 =1, —a—foro2 , =02, =1, and
' —*—fOI‘o‘?dZUEA’T:UdeI.
B. Comparisons with Trained Cooperative System of Seg- . . .
tion V DF?rect DD Transmission, and FI)Z)if'ferentiaIyCOO erativ Ofthe same rate (QPSK) conventional differential scherjie [4
' k P %ecause of the random carrier offsets.

System [4]

Fig. 4 shows the comparison of the performance of ﬂ% Power Allocation for the DDAAF Cooperative System

proposed DDAAF based cooperative scheme with the trained=rom (20), it can be seen that the SER of the DD cooperative
cooperative system developed in Section V, DD direct transystem with AAF protocol depends non-linearly upBnand
mission, and previously proposed single differential awpl P,. Hence, if the total transmit powd? = P, + P, is fixed,
and-forward cooperative scheme [4]. The cooperative seBenit is possible to find a power allocation for the source and
use QPSK constellation and direct DD transmission workslay terminals which minimizes the upper bound of the SER.
with BPSK constellation such that all schemes utilize saniénfortunately, it is very difficult to find a closed-form sdilon

rate of 1 bit/sec/Hz. From Fig. 4, it is seen that with all Bnkof the minimum SER power distribution for DDAAF system.
of same quality, i.e.afyd =02, = gf,d = 1, the proposed Therefore, we have used numerical method for finding the
DDAAF scheme outperforms the direct DD transmission at thmwer distribution which minimizes the SER. Fig. 5 shows
SNRs higher than 18 dB, witli, = P, = 0.5P. However, the power distribution plots for the case when all threedink
at the lower SNRs the proposed scheme performs poorerate available. All SER values are calculated from (20) with
the direct transmission scheme because the relay not opbwer constrainf’; + P, = P = 2 and SNR = 20dB. It can be
amplifies the signal but also amplifies the received noisggen when all the links are of same quality the uniform power
which is considerable in the low SNR range. It can be sedistribution does not provide the minimum SER, however, the
from Fig. 4 that the proposed scheme has higher diversity pswer distribution ofP; = 1.45 and P, = 0.55 minimizes the
compared to the direct transmission scheme and a perfoema8&R. An approximately uniform power distributidh = 1.05

gain of about 5 dB is observed at SER=2. Moreover, andP, = 0.95 minimizes the SER when the link between the
the proposed cooperative DDAAF scheme has a prominesdurce and the relay is very gocxdf.”. = 1000. Furthermore,
benefit over the direct transmission DD scheme that the latecan be seen from Fig. 5 that the proposed DDAAF scheme
suffers a heavy penalty in the terms of performance if thrgenerally tends to increase the source power to minimize
channel between the source and destination is bad. Howetlee, SER. Fig. 6 shows the performance of DDAAF scheme
the proposed cooperative DDAAF scheme can always achievith different power distributions. The minimum SER power
performance gain as compared to the direct transmissidistribution P, = 0.825P and P, = 0.175P is found at
scheme by power distribution over the links as shown in ttf&NR = 20dB by numerically minimizing (20) with power
Subection VI-C. Further, It can be seen that the proposednstraintP = P; + P». The simulations are performed with
DDAAF system outperforms the same rate trained cooperativg,, = 07, = 1 ando?; = 10. It can be seen from Fig. 6,
system of Section V for all SNR values. From Fig. 4, it cathat DDAAF scheme with minimum SER power distribution
also be observed that there is a collapse in the performamegperforms the DDAAF schemes with power distribution of
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VIl. CONCLUSIONS

We have implemented the double-differential modulation in
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