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Abstract:In this note, we propose a full-duplex decode-and-forward cooperative diversity scheme based on code division

with orthogonal complementary codes. We consider a simple case in which a single user is assisted by a single relay

to achieve cooperative diversity. When the cooperation is full-duplex, the operational delay of the relay makes the

channel asynchronous and this may cause multiple-access interference (MAI) between the user and relay. The orthogonal

complementary codes have perfect autocorrelation and cross-correlation properties that provide MAI-free operation in

asynchronous channels. In the proposed scheme, the user and relay terminals spread their messages with complementary

codes and the spread messages can reach the destination without interfering with each other. The numerical results

reveal that the proposed scheme reaches the same bit-error-rate performance in both synchronous and asynchronous

channels. The results are also compared with the conventional orthogonal code sets, such as Hadamard sets, which fail

to provide diversity.
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1. Introduction

Cooperative wireless communication has been proposed as an alternative diversity technique to overcome fading

effects [1][2]. In cooperative diversity, user and relay terminals share the same resources and provide transmit

diversity gain. Cooperative communication has been considered in the most recent wireless standards such as

3GPP LTE-Advanced and IEEE 802.16 [3][4].

One of the pioneering works on using cooperative diversity techniques for cellular networks in [2] considers

a full-duplex protocol for the synchronous CDMA channel with orthogonal spreading codes. However, the

CDMA uplink channel does not allow synchronous transmission and using orthogonal codes introduces multiple-

access interference (MAI) to the system. In the literature, there are some works that aimed to achieve

cooperative diversity in asynchronous CDMA channels. In [5], the authors proposed a multiple-relay coded

cooperation strategy in order to overcome the MAI in the network. In [6], a medium access control (MAC)

protocol was proposed to provide orthogonality in asynchronous channels. The outage analysis of cooperative

diversity in asynchronous CDMA uplink channels was presented in [7][8]. In [9], a half-duplex cooperation with

a single user and multiple-relay CDMA uplink channel was considered. It was reported that the MAI between

the relay terminals significantly limits the system performance.

In an asynchronous CDMA uplink channel, when the cooperation is half-duplex (i.e. it is based on time

division), the MAI in each time slot should be considered. For instance, if it is a multiple-user and multiple-
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relay network, in the first phase interuser MAI and in the second phase interrelay MAI degrade the cooperation

performance. On the other hand, in full-duplex relaying, MAI may occur between each terminal in the network.

In this note, we propose a full-duplex cooperative communication scheme based on code division with

orthogonal complementary codes. We limit our discussion to a simple scenario with one user and one relay.

Even in this case, MAI may arise due to the processing delay at the relay terminal. This problem may occur in

both full-duplex uplink and downlink channels. The proposed scheme provides MAI-free full-duplex cooperation

in asynchronous channels.

Complementary coded CDMA (CC-CDMA) was proposed in [10] as a candidate for the next-generation

CDMA networks. Complementary coded CDMA has some advantages over traditional CDMA networks. The

main advantage is that the complementary code sets provide perfect autocorrelation and cross-correlation

properties, which yield a MAI-free network [11]. In addition, CC-CDMA networks do not require complex

power control algorithms. One disadvantage is that the number of available complementary code sets is limited.

In [12], the authors proposed a code hopping technique for CC-CDMA to extend the number of supported users

in the network.

The main novelty of this work is that we demonstrate a MAI-free full-duplex cooperative communication

in an asynchronous CDMA channel. In addition to MAI, full-duplex relaying systems also suffer from the

loop interference that can arise due to the leakage from one antenna of the relay to the other antenna. In the

literature, there are some works that modeled the loop interference and investigated the system performance

[13][14]. There are also some studies designed to cancel the loop interference using physical layer algorithms;

however, in practice, these schemes are imperfect [15][16]. The presented scheme in this work can also suppress

the loop interference with the aid of perfect correlation properties of the complementary codes.

The paper is organized as follows. Section 2 reviews the orthogonal complementary codes. Section 3

introduces the proposed decode-and-forward strategy. Section 4 presents the numerical results. Finally, the

paper is concluded in Section 5.

2. Orthogonal complementary codes

This section presents a brief review on complementary coded CDMA networks. Assume a complementary code

Ck is assigned to the user k in the network. A complementary code consists of N number of element codes,

i.e. Ck = [ck1 ck2 ck3 ... ckN ]. The data stream at the user k is applied to N different spreading modulator

and the spread streams are sent over N different subcarriers f1, f2, ..., fN . Figure 1 illustrates the transmitter

and receiver blocks of DS/CC-CDMA system for user k when N = 2.
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Figure 1. Transmission model of point-to-point complementary coded CDMA when N = 2.

At the receiver side, received signals at the different subcarriers are first demodulated and then a

despreading process is applied with the corresponding element code. The decoded streams are then summed

and fed to the decision device.
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The multicarrier transmission provides strong autocorrelation function (ACF) and cross-correlation func-

tion (CCF) behaviors. Although the individual ACFs of the element codes R(ckj ; τ) have many side lobes, the

ACF of their sum over different channels

R(Ck; τ) =

N∑
j=1

∫ +∞

−∞
ckj(t)ckj(t− τ)dt (1)

is zero for any time shift τ except zero shift. This property of CC-CDMA provides multipath-interference

(MI)-free transmission. Similarly, although the individual CCFs of the element codes for different users of the

same subcarrier, ρ(ckj , ck′j ; τ), are not ideal, the CCF of the sum

ρ(Ck,Ck′ ; τ) =

N∑
j=1

∫ +∞

−∞
ckj(t)ck′j(t− τ)dt (2)

is zero for all possible time shifts, which suppresses the MAI in the network [10][11][17].

3. Proposed decode-and-forward strategy

3.1. System model and transmission

We adopt a three-node topology in which only source (S), relay (R), and destination (D) terminals exist. Figure

2 draws the model. The presented model is valid for both downlink and uplink channels. The distances

between the terminals are given in order to include the long-term path loss effects. If the channel gain for the

S→D link is unity Gsd = 1 and dsd = 1, then the channel gains for the R→D and S→R links become Grd =

(dsd/drd)
p and Gsr = (dsd/dsr)

p , respectively. p is the propagation exponent.

S

R

Dα
sd,
d
sd

α
sr,
d
sr

α
rd,
d
rd

α
LI

C1

C1

C2

Figure 2. System model of single-relay in-band cooperative communications.

Consider a complementary coded CDMA scheme with two subcarriers, N = 2. The complementary

codes C1 and C2 are assigned to the source and relay terminals, respectively. The transmitted signal by the

source, s(t), is

s(t) =
√
Pa(t)[c11(t)cos(2πf1t) + c12(t)cos(2πf2t)], (3)

where P is the transmitted power of the source, f1 and f2 are the carrier frequencies, a(t) is the transmitted

information, and c11(t) and c12(t) are the element codes corresponding to two different subcarriers of C1 . The

transmitter structure of the source is given in Figure 3a.
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Figure 3. Block diagram DF: (a) source terminal, (b) relay terminal, (c) receiver terminal.

The transmitted information waveform a(t) is written as

a(t) =

∞∑
n=0

a[n]p(t− nTb), (4)

where a[n] is the binary information sequence, p(t) is the waveform of rectangular shape, and Tb is the bit

duration.
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The relay terminal receives a signal from the source terminal through a fading channel. In the derivations,

the channel is assumed flat over the two subcarriers. The received signals by the relay terminal after the carrier

demodulation are

y1r(t) =
√
PGsra(t)c11(t)αsr + nr(t), (5)

y2r(t) =
√
PGsra(t)c12(t)αsr + nr(t), (6)

where y1r(t) and y2r(t) are the received signals at the two subcarriers, αsr is the fading amplitude of the

channel for S→R link, and nr(t) is the AWGN at the relay terminal with double-sided power spectral density

of N0/2.

The relay terminal regenerates the information and forwards it to the destination. The relay receives and

transmits simultaneously in the same bands. The processing time of the relay terminal, including regeneration

and amplification, will add delay to the transmission. If the processing delay is τ , then the transmitted signal

from the relay terminal becomes

tr(t) =
√
P â(t− τ)[c21(t− τ)cos(2πf1(t− τ)) + c22(t− τ)cos(2πf2(t− τ))], (7)

where â(t) is the regenerated information signal, and c21(t) and c22(t) are the element codes of C2 , which is

a sequence of the orthogonal pair with C1 . The transmission power of the relay terminal is the same as the

source terminal, which makes the total power 2P be equally shared between the source and relay terminals.

The receiver and transmitter structures of the relay terminal are given in Figure 3b.

3.2. Detection scheme

The transmitted signals from the source and relay terminals are added in the medium and arrive at the

destination over two subchannels. After carrier demodulation, the received signals at the destination from

the two subcarriers y1d(t) and y2d(t) can be written as

y1d(t) =
√
Pa(t)c11(t)αsd +

√
PGrdâ(t− τ)c21(t− τ)αrd + nd(t), (8)

y2d(t) =
√
Pa(t)c12(t)αsd +

√
PGrdâ(t− τ)c22(t− τ)αrd + nd(t), (9)

where αsd and αrd are the fading amplitudes of the channels for S→D and R→D links, and nd(t) is

the additive white Gaussian noise at the destination. In decode-and-forward relaying, since it is difficult to find

closed-form expression for the received signal due to the decoding errors at the relay terminal, we leave â(t) as

the decoded and forwarded version of the message waveform.

Our aim is to combine the signals from the source and relay terminals. As seen in Eqs. (8) and (9), the

signals from the source and relay terminals are transmitted in the same bands and the destination terminal

needs to separate them successfully. Figure 3c draws the block diagram of the destination terminal. The first

part of the receiver is to obtain the signal from the source terminal. The destination correlates the received

signals in Eqs. (8) and (9) with c11(t) and c12(t), respectively, and obtains the signal from the source terminal

rs(t) as
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rs(t) = y1d(t)c11(t) + y2d(t)c12(t) (10)

= [
√
Pa(t)c11(t)αsd +

√
PGrdâ(t− τ)c21(t− τ)αrd + nd(t)]c11(t) +

[
√
Pa(t)c12(t)αsd +

√
PGrdâ(t− τ)c22(t− τ)αrd + nd(t)]c12(t)

=
√
PPGa(t)αsd + [c11(t) + c12(t)]nd(t),

where PG is the processing gain. In Eq. (10), although the autocorrelation of individual element codes has

side lobes, their summation is a perfect peak, c11(t)c11(t) + c12(t)c12(t), and is equal to PG. Similarly, even

though the cross-correlation of each element code is not zero, the sum of c11(t)c21(t− τ)+ c12(t)c22(t− τ) gives

zero for any time shift τ . This cancels the signal from the relay terminal and obtains only the signal from the

source terminal.

The second part of the receiver is set to detect the signal from the relay terminal. The signal from the

relay terminal rr(t) can be obtained as

rr(t) = y1d(t)c21(t− τ) + y2d(t)c22(t− τ) (11)

= [
√
Pa(t)c11(t)αsd +

√
PGrdâ(t− τ)c21(t− τ)αrd + nd(t)]c21(t− τ) +

[
√
Pa(t)c12(t)αsd +

√
PGrdâ(t− τ)c22(t− τ)αrd + nd(t)]c22(t− τ)

=
√

PGrdPGâ(t− τ)αrd + [c21(t− τ) + c22(t− τ)]nd(t).

In Eq. (11), again the ideal ACF and CCF properties of the complementary codes yield the separation

of the signal sent by the relay terminal. In this scheme, it is assumed that τ is known to the destination, which

can be achieved by inserting a pilot tone [18].

An illustrative example is given in Figure 4. The number of complementary codes is two (one for the

source and one for the relay). Each complementary code has two element codes, N = 2 with 4 chips. The

element codes are c11 = [+1 +1 +1 –1], c12 = [+1 –1 +1 +1], c21 = [+1 +1 –1 +1 ], and c22 = [+1 –1 –1 –1].

It is assumed that the packet (+1 –1 +1) is transmitted. The processing gain of such a system is 8 (N×4).

The relayed signal arrives at the destination with a delay of one chip duration. In Figure 4, only the detection

of the second bit of the packet from the source is given. The despreading is applied with the element codes c11

and c12 at the corresponding bands. The sum of the detected symbols in f1 and f2 gives –8 and hence the

second bit can be recovered in the presence of the relayed signal in the same channel.

3.3. Loop interference suppression

The loop interference can be defined as the leakage signal from the transmitting antenna of the relay to its

receiver antenna. As seen in Figure 2, the receiver of the relay terminal applies despreading with C1 and the

transmitter of the relay terminal spreads the information with C2 .

Incorporating the loop link, the received signal by the relay terminal in Eqs. (5) and (6) can be rewritten
as

y1r(t) = a(t)c11(t)αsr + â(t− τ)c21(t− τ)αLI + nr(t), (12)

y2r(t) = a(t)c12(t)αsr + â(t− τ)c22(t− τ)αLI + nr(t), (13)
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Figure 4. Detection of the second bit of the information transmitted by the source. Second bit is (–4 – 2) + (–4 + 2)

= –8. (a) Detection in the first band. (b) Detection in the second band.

where αLI is the channel coefficient for the loop link. The cross-correlation of the orthogonal complementary

codes will give zero, including any possible time shift τ , ρ(C1,C2′ ; τ) = 0. Hence, the receiver of the relay

terminal will suppress any signal spread by C2 . Therefore, the proposed scheme will not suffer from loop

interference.

4. Numerical results

In this section, we evaluate the bit-error-rate (BER) performance of the proposed scheme though computer

simulation. We consider a BPSK modulation scheme. The fading amplitudes αsd , αsr , and αsr are Rayleigh-

distributed. In the simulations, the channel estimation is ideal and the combining scheme is maximal-ratio-

combining.

We assume the distance for the S→D link is equal to unity, dsd = 1, and all three terminals are placed

on a straight line. The distances dsr and drd are then normalized to dsd . The propagation exponent is taken

as 2.

Figures 5 and 6 show the BER performance of CDMA-based decode-and-forward relaying with orthogonal

complementary codes and with traditional Hadamard codes, respectively. The performance of the system is

given for both synchronous and asynchronous transmission. In the synchronous case, the relay terminal does

not introduce any delay to the transmission, which is an ideal case for comparison. In the asynchronous case,

the operational delay at the relay terminal is taken as a single chip duration of the element code. The same

delay time corresponds with the double chip duration in the Hadamard code set in order to occupy the same

bandwidth.
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Figure 5. BER performance of the decode-and-forward

relaying with orthogonal complementary codes.

Figure 6. BER performance of the decode-and-forward

relaying with Hadamard codes.

We have considered the code set c11 = [+1 +1 +1 –1], c12 = [+1 –1 +1 +1], c21 = [+1 +1 –1 +1 ], and

c22 = [+1 –1 –1 –1], which provides the processing gain of 8. The Hadamard codes we have used with the same

processing gain are c1 = [+1 +1 -1 +1 –1 –1 –1 –1] and c2 = [+1 +1 –1 –1 –1 –1 +1 +1]. The performance of

the transmission without relaying operation is also given as a reference channel. The consumed powers in the

reference and the relaying models are kept the same for fair comparison.

In the simulations, the relay terminal is placed at different locations: half way between the source and

the relay terminals, dsr = 0.5dsd , and closer to the source terminal, dsr = 0.1dsd . Since the diversity reception

heavily depends on the decoding performance of the relay, we expect more diversity gain when the relay is closer

to the source terminal.

In Figure 5, the BER performance of the cooperative transmission based on orthogonal complementary

codes is given. When dsr = 0.5dsd , the BER performance is the same for synchronous and asynchronous trans-

mission. Therefore, the operational delay added by the relay terminal does not affect the system performance

when complementary codes are used. When the relay terminal is moved closer to the source, the diversity effect

is more distinct.

In Figure 6, we see the performance of the Hadamard code set for the same decode-and-forward relaying

scenario. If there is no delay introduced by the relay terminal (synchronous transmission), the two channels from

the source and relay are orthogonal and the performance is the same as the complementary coded cooperation,

as expected. However, in a practical case where there is a delay (asynchronous transmission), the orthogonality

between the channels is destroyed and the performance of the diversity receiver is degraded due to the MAI.

5. Conclusions

This work proposes a novel full-duplex code division-based cooperative communication architecture based on

orthogonal complementary codes. The results have revealed that the proposed scheme can accommodate

another channel for the R→D link without interference due to perfect correlation properties of the orthogonal

complementary codes.

We have considered a case with a single user and a single relay. However, it is known that CC-CDMA

networks offer MAI-free operation for multiuser cases as well [10]. We expect that the proposed scheme can also
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work in multiuser scenarios. The only limitation in the multiuser case is the number of available complementary

codes, which are less than the traditional code sets.

In full-duplex relaying, both uplink and downlink channels are asynchronous due to the processing delay

at the relay. The proposed scheme can be applied to both uplink and downlink channels. For half-duplex

relaying, considering the asynchronous nature of uplink channel in CDMA networks, the proposed scheme can

help to achieve cooperative diversity in the uplink with less overhead.

In this work, we have set the processing delay of relay to a single chip duration. However, any delay

including fractional chip durations will not affect the perfect ACF and CCF properties of the complementary

codes [10]. In the proposed scheme, the delay introduced by the relay should be estimated at the receiver, which

is the only requirement of the system.

The discussion has been kept limited to flat fading channels and the extension to multipath fading

channels is left as a future work. It is known that complementary codes keep their properties in multipath

fading channels with an adaptive recursive multipath signal reception filter [19].

References

[1] Sendonaris A, Erkip E, Aazhang A. User cooperation diversity - Part I: System description. IEEE T Commun 2003;

51: 1927–1938.

[2] Sendonaris A, Erkip E, Aazhang A. User cooperation diversity - Part II: Aspects and performance analysis. IEEE

T Commun 2003; 51: 1939–1948.

[3] Parkvall S, Astley D. The evolution of LTE towards IMT-Advanced. IEEE Commun Mag 2009; 4: 84–91.

[4] IEEE 802.16m. Advanced Air Interface with Data Rates of 100 Mb/s Mobile and 1 Gb/s Fixed, Draft Standard.

New York, IEEE, 2009.

[5] Eid A, Hamauda W. Performance of multi-relay coded cooperative diversity in asynchronous code-division multiple-

access over fading chanels. IET Commun 2011; 5: 683–692.

[6] Laneman JN, Tse D, Wornell GW. Cooperative diveristy in wireless networks: efficient protocols and outage

behavior. IEEE T Inform Theory 2004; 50: 3062–3080.

[7] Mehemed A, Hamouda W. Outage analysis of cooperative CDMA systems in Nakagami-m fading channels. IEEE

T Veh Technol 2012; 61: 618–623.

[8] Vardhe K, Reynolds D, Valenti MC. The performance of multi-user cooperative diversity in an asynchronous CDMA

uplink. IEEE T Wirel Commun 2008; 7: 1930–1940.

[9] Fang W, Yang LL, Hanzo L. Single user performance of uplink DS-CDMA using relay-assisted diversity. In: IEEE

2006 International Symposium on Personal, Indoor and Mobile Radio Communications; 11–14 September 2006;

Helsinki, Finland. Piscataway, NJ, USA: IEEE. pp. 1–5.

[10] Chen HH. The Next Generation CDMA Technologies. Chichester, UK: John Wiley & Sons, 2007.

[11] Chen HH, Yeh JF, Suehiro N. A multicarrier CDMA architecture based on orthogonal complementary codes for

new generations of wideband wireless communications. IEEE Commun Mag 2001; 39: 126–235.

[12] Chen HH, Zhang HM. Code-hopping multiple access based on orthogonal complementary codes. IEEE T Veh

Technol 2012; 61: 1074–1083.

[13] Riihonen T, Werner S, Wichman R. Optimized gain control for single-frequency relaying with loop interference.

IEEE T Wirel Commun 2009; 8: 2801–2806.

[14] Riihonen T, Werner S, Wichman R, Eduardo Z. On the feasibility of full-duplex relaying in the presence of loop

interference. In: IEEE 2009 Workshop on Signal Processing Advances in Wireless Communications; 21–24 June

2009; Pregia, Italy. New York, NY, USA: IEEE. pp. 275–279.

1217

http://dx.doi.org/10.1109/TCOMM.2003.818096
http://dx.doi.org/10.1109/TCOMM.2003.818096
http://dx.doi.org/10.1109/TCOMM.2003.819238
http://dx.doi.org/10.1109/TCOMM.2003.819238
http://dx.doi.org/10.1049/iet-com.2010.0478
http://dx.doi.org/10.1049/iet-com.2010.0478
http://dx.doi.org/10.1109/TIT.2004.838089
http://dx.doi.org/10.1109/TIT.2004.838089
http://dx.doi.org/10.1109/TVT.2011.2178870
http://dx.doi.org/10.1109/TVT.2011.2178870
http://dx.doi.org/10.1109/TWC.2008.070282
http://dx.doi.org/10.1109/TWC.2008.070282
http://dx.doi.org/10.1109/PIMRC.2006.254255
http://dx.doi.org/10.1109/PIMRC.2006.254255
http://dx.doi.org/10.1109/PIMRC.2006.254255
http://dx.doi.org/10.1109/35.956124
http://dx.doi.org/10.1109/35.956124
http://dx.doi.org/10.1109/TVT.2012.2186618
http://dx.doi.org/10.1109/TVT.2012.2186618
http://dx.doi.org/10.1109/TWC.2009.080542
http://dx.doi.org/10.1109/TWC.2009.080542
http://dx.doi.org/10.1109/SPAWC.2009.5161790
http://dx.doi.org/10.1109/SPAWC.2009.5161790
http://dx.doi.org/10.1109/SPAWC.2009.5161790


KIZILIRMAK/Turk J Elec Eng & Comp Sci

[15] Saleh AB, Redana S, Raaf B, Riihonen T, Hamalainen J, Wichman R. Performance of amplify-and-forward and

decode-and-forward relays in LTE-Advanced. In: IEEE 2009 Vehicular Technology Conference; 20–23 September

2009; Anchorage, AK, USA. Red Hook, NY, USA: IEEE. pp. 1–5.

[16] Nasr KM, Cosmas JP, Bard M, Gledhill J. Performance of echo canceller and channel estimator for on channel

repeaters in DVB-T/H networks. IEEE T Broadcast 2007; 53: 609–618.

[17] Golay MJE. Complementary series. IRE T Inform Theor 1961; IT-7: 82–87.

[18] Chang CM, Chen KC. Reverse link pilot-tones aided synchronization in DS-CDMA communication system. In:

IEEE 1998 Global Communication Conference; 8–12 November 1998; Sydney, Australia. Piscataway, NJ, USA:

IEEE. pp. 3408–3413.

[19] Chen HH, Yeh JF, Suehiro N. A multicarrier CDMA architecture based on orthogonal complementary codes for

new generations of wideband wireless communications. IEEE Commun Mag 2001; 39: 126–135.

1218

http://dx.doi.org/10.1109/TBC.2007.903612
http://dx.doi.org/10.1109/TBC.2007.903612
http://dx.doi.org/10.1109/35.956124
http://dx.doi.org/10.1109/35.956124

	Introduction
	Orthogonal complementary codes
	Proposed decode-and-forward strategy
	System model and transmission
	Detection scheme
	Loop interference suppression

	Numerical results
	Conclusions

