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Abstract—In this paper, we introduce Dual-hop Spatial DF two time slots are needed for the relevant information
Modulation (Dh-SM). We look at the effect that Dh-SM hasontte  to reach the destination node, effectively halving the seur
required signal to noise ratio (SNR) at the destination and bw it destination spectral efficiency to bit/s/Hz. Dual-hop Spatial

can help alleviate the multi-hop burden in the system. Inital bit- . . " . .
error-ratio (BER) results comparing the performance of Dh-SM Modulation (Dh-SM) can partially mitigate this effect. Vi

with orthogonal decode-and-forward (DF) are presented whee ~Maintaining a fixed signal constellation, Dh-SM can utilise
Dh-SM is shown to have up to al0 dB SNR advantage. spatial domain to transmit additional information bitsn&i

the receiver decodes the channel used for the transmission,
it can determine the transmitting antenna and, in so doing,
Spatial modulation (SM) is a recently proposed approactecode the bits used to activate the particular antenna. Thi
to multiple—input—multiple—output (MIMO) systems whichserves to increase the source to destination spectralesitigi
entirely avoids inter—channel interference (ICl) and lieggino i.e. almost halving the multihop burden as will be explained
synchronisation between the transmit antennas, whilesaechiin Sectin Il. Alternatively, since some of the data in SM is
ing a spatial multiplexing gain [1]. This is performed byransmitted in the spatial domain, a lower order modulation
mapping a block of information bits into a constellationmgoi scheme can be used for signal domain transmission which in
in the signal and spatial domains [2]. In SM, the number @firn leads to a lower transmit power requirment. This is a
information bits, k, that are encoded in the spatial domainnique advantage that Dh-SM has when compared to all other
is directly related to the number of transmit antennasilN relaying systems and results in a decreased bit error ratitea
particular N = 2*. This means that the number of transmitlestination for the same transmit powes. Dh-SM increases
antennas must be a power of two unless fractional bit engodithe coding gain of the system.
is used [3]. It should also be noted that SM is shown to In [6-8], analytical bounds for the BER performance of
outperform other MIMO schemes in terms of bit-error-rati®M are derived. Each work considers the channel and the
(BER) [2]. The presented work proposes the use of SM assignal symbol as a joint input variable and averages achsss t
possible relaying technique. channel to achieve a closed form solution. In this work, desi
The basic relaying problem can be reduced to the simphgroducing Dh-SM, we validate the results of this work with
inability of a single transmitter to reach its intended &rg the union bound based approach originally presented in [9,
with the necessary signal to noise ratio (SNR). There aka. (8)].
several approaches to this problem. On one hand, the orinthe remainder of the paper we introduce the system model
thogonal amplify-and-forward (AF) utilises the relay ame in Section Il, provide the theoretical framework in Section
as a simple amplifier. Any signal received by the relay all, show and discuss the numerical results in Section IV and
time instancet; is amplified and retransmitted at instange conclude the paper in Section V.
forming a non-regenerative system. On the other hand, the
orthogonal decode-and-forward (DF) algorithm decodes the
received signal at the relay, then re-encodes and retrémsmi In the following work we assume a three node scenario as
this information establishing a regenerative system. @atashown in Fig. 1. While AF, DF and Dh-SM utilise a single
probabilities, mutual information calculations and tnaits transmit antenna at any instance, Dh-SM requires that the
diversity bounds for AF and DF relaying are derived in [4jransmitter has more than one transmit antennas. Since in
with end to end performance being considered in [5]. Takinbis work we seek to characterise the behaviour of SM in
into consideration the above relaying protocols, the useMf a dual-hop scenario, we compare its performance in terms of
is proposed to provide additional power and capacity gaiBER to non-cooperative DF. The source broadcasts a signal
over the non-cooperative AF and DF systems. Let us assuomnstellation symbolz. The received signal is given by:
a basic system as shown in Fig. 1, where transmissions gfe= h;;x + n, wherej is the index of the receive ands the
carried out a® bits/s/Hz in the signal domain and only a singléndex of the transmit antenna,; is the channel coefficient
transmit antenna is active at the source. In orthogonal AF aaf the link between the active antennaand the receiving

I. INTRODUCTION

Il. SYSTEM MODEL
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.detshc”bed bWS(Rig )f‘t"r’]'thl.akg 'tzx [12P] / d(%jd) .Wh%re% Fig. 2. If we wish to transmit four bits, the first two bits define the
IS the average of the link between nodesd; and E[ spatial—constellation point which identifies the activéeana, while

is the expectation with respect to the set of signal coratell the remaining two bits determine the signal—constellaiomt that
points. The estimated symbol at the relay in the DF systemto be transmitted.

using maximume-ratio-combining (MRC) is given by:

(hi )T 7 destination link enables the system to operatg laits/s/Hz on

¢ _ \Dpe) Yke . . . -

Test= ~ .. (1) that link. Since the system remains unchanged in the soarce t
(hi) " by, relay link, the source can transmit to the relay in the firsh tw

't denotes th | uqate did — 1. wo i time slots a total oft bits. The relay can then transmit those
(-)! denotes the complex comugaedﬁg I AR _ZNf} IS" 4 bits to the destination in the third slot by making use of
a vector composed of the single tap channel coefficients frqpy spatial domain. The use of Dh-SM resultstibits going
antenna on the transmitting entity: to the receiving entity  from the source to the destination in three time slots and an
with Nf number of receive antennas. The transmitting entity i§,9-to-end average spectral efficiencyl f3 bits/s/Hz; a33%
either the source, s, or the relay, r, while the receivingteig improvement over standard AF and DF.

the relay or destination, de. k € {s, r; and¢ € {r, d}. The  Aernatively, Dh-SM can be used to improve the bit-error-
vectoryy, is comprised of tlbe symbols at each of the receigio of the system by transmitting a lower order modulation

antennas at node Finally, ze is passed through a maximumgignal-symbol. We quantify the coding gains in Section IV-B
likelihood (ML) detector to obtain the original bit sequenc

The basic idea of SM is to map blocks of information bits [1l. ANALYTICAL MODELLING
into two information carrying units [2]: i) a symbol, chosen
from a complex sighal—constellation diagram, and ii) a uriq
transmit—antenna index, chosen from the set of transm

3?tepnmasTw t/r\]/erkziigtenr?r?_ialrra% Strl\]/lei Spft'ril_ﬁ]fi) ndsﬁingit'ogend performance of a two-hop wireless communication system
agram. fhe working principle o S exempine 9- gith non-regenerative (AF) and regenerative (DF) relaysrov

Throughout this paper, we consider a ML decod_er, Wh_ic Rayleigh-fading channel is presented in [5]. The authors
computes the Euclidean distance between the recewedlsu;g@/
K

¥re and the set of all possible received signals, selecting
closest one [6]:

The scenario presented in Fig. 1 represents a well known
rthogonal relaying system. One major distinction is the ofs
nultiple transmit and receive antennas at the relay. Thetend

elop a closed form expression for the average BER of AF
en in terms of the system’s moment generating function
(MGF). The system performance in terms of outage probgbilit

A . B P2 and BER demonstrate that DF systems perform better than
(zest ) = argmm{HyM — w;hiy| ‘F} AF at both low and high average SNRs in a Rayleigh fading
, k environment. For this reason, we limit our comparison and

Veje X Vie{l...N{} only look at Dh-SM’s performance relative to DF. In this work

where the paifzes; n) is formed from the estimated symbolVe aim to show that the use pf spatial_modu!ation in a fixed

Zest €Mitted from antennat at nodek, z; is the current '€lay System provides a significant coding gain.

symbol being evaluated from the set of possible constefiati Starting from the system model presented in Section Il for

points X, N/ is the number of available transmit antennas off€ case of DF, the bit error probability averaged over the

nodek and|| - || is the Frobenius norm. !ndepen_dent channel SNRs can readily be expressed as shown
in (2), since the signal undergoes two stages of decodinlg [10

A Bxample Py(Esq) = Py(Es) + Po(Er) — 2Py(Es) Py(Er). (2)

Let us again consider the system presented in Fig. 1, but
now with a single source to relay transmit antenna and foi(-) is the average BER with average enerfy, between
relay to destination transmit antennas. In this cadsts can nodesk and/. In the decode and forward case, the overall bit
be sent in the spatial domain aBdnore in the signal domain error ratio for a dual-hop system is a function of the indixad
on the relay to destination link. The use of SM on the relay links, meaning that if a system performs better in terms oRBE
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on the individual links, it will also perform better for theudl— In [9, Eq. (8)] the pairwise error probability conditioned o
hop when we consider that boffy (Es;) and P,( Erq) must be the channel between the two communicating nodes is given
less thari /2. To show this we look at the directional derivativeas:
of P,(Fsq) with respect taP, (Es;) and P, (Er). We can define

a unit vectoru = < «, 3 > wherea and 3 are non-negative ’
coefficients defining the direction of the derivative. PEB. (z, n¢, &, fiy) = Q

Vo Py(Esq) = o (1 — 2Py(Er)) + B (1 — 2Py (Es))) . (3)

Looking at (3) we see that the function is monotonicallyhere the symbok is transmitted from antenna.
increasing with respect to the individual error probakit  Given this analytical modelling, we proceed to analyse the
since { P,(Fs), Py(Ew)} € [0, 1/2]. We now look at the ex- performance of Dh-SM and DF in terms of their BER.
pressions for these error probabilities. It should be naked
since the overall system error depends solely on the erribreof
individual links, we proceed to analyse the error exprassio 1he aim of this section is to compare the performance of
for the arbitraryk to ¢ link. Dh-SM with conventional relaying utilising M—QAM under a
The BER of anM/ quadrature amplitude modulation (QAM)Variety of conditions. In particular, the presented resdkpict
across multiple fading channels is given in (4) whafeis the the different behaviour of the system when:
size of the QAM constellation and‘Ndepends on which link « the number of transmit antennas is changed at the source,
is considered. The generalized expression for the aver&de B« the number of transmit antennas is changed at the relay,
of a single link between nodésand/ using QAM modulation  « the number of receive antennas is changed at the relay,

R 2
T e A,
h,;z —h ;&

202
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IV. NUMERICAL ANALYSIS

and Gray coding is given by (4) [11]. « the number of receive antennas is changed at the desti-
VEE)2 P Ve nation and,
1 /" c " « under non-symetric channel gain conditions.
Py(Ere) =2 A Z ;/ Ms,, <ﬁ> g (4) y g
b 0 sin”(6) A. Smulation Setup

A frequency-flat Rayleigh fading channel with no corre-
A—4 VM -1 o _ 3logy(M)(2b —1)* lation between the transmitting antennas and additive evhit
VvV M logy (M) M -1 Gaussian noise is assumed. MRC in combination with ML

. ] ) . detection is used in the DF system, with the ML detector in
Ms(s) is the moment generating function of the fading chann@d} pheing used for Dh-SM. Perfect channel state information

with 7 being the average SNR at the receiver. The momepis)y is assumed at the receiving node, with no CSI at the
generating functions for different channel fading modeis ¢ yransmitter. Only one of the available transmit antennasat
be found in [11]. In particular, we look at a Rayleigh fadingoyrce and relay nodes of Dh-SM is active at any transmitting

channel and\;(s) is given by: instance. Since part of the data is encoded in the spatial
1 domain, Dh-SM uses a lower order modulation symbol but
Ms(s) = 1+ sy the energy per symbol is equivalent to that in the DF system.

Similarly, because Dh-SM is in principle a DF system, it8. Results

BER can be represented by (2), where the individual error . ha legend on each figure, Aln ¢) represents the analyti-

probabilities are those of individual SM links. cal BER on the link between nodésand/, while Sim(k, ¢) is
The BER of SM using the optimal detector can be boundegl simulation result. To describe the behaviour of DF we use
using union bound methods and is given by (5): (4), whereas (6) bounds the behaviour of Dh-SM. Throughout
the discussion we refer to the coding gain as the the diftaren
Py(E) < En Z PEP(z, ny, &, fy) (5) between the SNR levels of the two systems required to reach

the same BER. We begin by looking at the effects of additional
] o antennas at the transmitter. In particular, Fig. 3 shows tha
where we define PER;, n¢, &, n¢) to be the pairwise error when the source to relay and relay to destination channel
probability between the symbal emitted from antenna; conditions are comparable, Dh-SM exhibits overds coding
being detected as symbal emitted by antennai;. Eul] gain when compared to DF. It should be noted that as any DF
represents 'Fhe expectation of.the system with respect to. tem, Dh-SM is susceptible to bottlenecks. In this cdse, t
channel. Given this formulation, the symbol based uniqQo transmit antennas at the relay and the two receive aagenn
bound for (5) can be expressed as (6), where work in [18} the relay and destination limit the system’s performance
shows the tightness of this approach. The effect of the number of receive antennas is quantified
below. Indeed the addition of two more antennas at the source
M M NF NF PERY (. ny, &, i) increases_ the advantage (_)f Dh-SM only by atmgltdB and,
Py(Ep) < ZZ Z Z A kt’ ) (6) more npUceany, the add_ltlon_df_8 more trgnsmlt antennas
w1 3=1n=1 =1 2 (MNt - 1) results in a mer®.6 dB gain. Similarly, looking at Fig. 4, we

2,7y
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N =2,N;=2, Nf =2 and 7 bits/s/Hz per link spectral efficiency Ny =2, N, =2 and 7 bits/s/Hz per link spectral efficiency
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Fig. 3.  Average bit error ratio whefsr = 7;4. The average source to ) )

destination spectral efficiency is equal 365 bits/s/Hz. The arrow on the Fig. 5.  Average bit error ratio whetysr = 4. The average source to
figure indicates the progression of the curves going frofn=N32 as the destination spectral efficiency is equal 3d bits/s/Hz.

leftmost dashed curve tofN= 2 as the rightmost dashed curve.

NS =32, N7 = 2, N = 2 and 7 bitsis/Hz per link spectral efficiency performs better as more receive antennas are added to the
0 ' ' system, irrespective of which node they are added to. Despit
the minor coding gains observed, the system is still limited
‘ by its worse performing hop in terms of the BER since the
“““ diversity of the overall system isin{N’, N¢}. Looking at
107} Fig. 5, we can see that Dh-SM haalB gain with respect
DF when there ar@ receive antennas at both the relay and
the destination. When there afeand 4 receive antennas at
the relay and destination nodes respectively, Dh-SM ha$ a
dB gain with respect to DH,.e. the performance of Dh-SM
improves by0.5 dB with the addition of2 receive antennas at
the destination. Similarly, when there ateantennas at each
of the nodes, Dh-SM gains an additioiiah dB which results
in a3 dB better performance compared to DF. Similar to the
effects observed with the number of transmit antennasesst
- ..Dh=SM--Sim(s, d) N = 32, 7 : with more receive antennas still exhibit better perforrmeainc
10'40 = ™ = 5 > 20 terms of BER, although the coding gains achieved with every
SNR/dB additional antenna are diminishing. It should be noted #tlat
coding gains observed in the Dh-SM system are in addition to
gig. 4. Average Ibit f?rr_or ratio WheﬁI/SEKOBZ b’fyrd/. /THhe i;\t/]erage Sourcehto the diversity gains resulting from the increase in the numbe
o e e ot oy Moo o Of eceive antennas experienced by bolh systems.
leftmost dashed curve to{N= 2 as the rightmost dashed curve. With the effect of the number of antennas analysed, Fig. 6
shows the effects of the non-symmetric channel gaires,
st # 7rd- Since Dh-SM relies on sequential detection, from
can see that if we remove one of the bottleneicksoperate Fig. 6 we can see that both systems exhibit better performanc
with 32 transmit antennas at the source, the coding gain when the average received SNR on the source to relay link
3.5 dB achieved with only2 transmit antennas at the relay iss greater than the average received SNR on the relay to the
marginally increased by abo0t5 dB with 4 transmit antennas. destination link. As can be seen, however, the differendbén
A further 1 dB coding gain is achieved by usirsg transmit average received SNR merely causes a shift in the perforenanc
antennas at the relay. It must be noted that systems with mefehe entire system. This means that the effects observiagin
available antennas still exhibit better performance im®of above discussion extend to arbitrary channel gain conditio
BER, although the coding gains achieved with every additionand system geometry, given that on the channel veckdrs,
antenna are diminishing. from transmitting nodek to receiving node’ are sufficiantly
We now investigate the behaviour of Dh-SM with respediistinct from each other.
to the number of receive antennas. As Fig. 5 shows, Dh-SMWith the individual effects of the number of transmit and
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N =2, N =2, N =2, N’ =2 and 7 bits/s/Hz per link spectral efficiency provide coding gains by lowering the number of bits sent in
the signal domain. The union bound method is used to bound
the BER behaviour of SM and provide a good estimate for the
potential performance of Dh-SM.

It is demonstrated that the application of SM in a relaying
scenario results in better end-to—end system performance
‘ ‘ when compared to non-cooperative DF. The coding gain is
“““ increased as the number of transmit antennas is increased at
either the source or relay nodes by ab@uB. Furthermore,
the coding gain is also increased with the number of receive
- DSM--Sim(s, d) y, = 1/4 xy, N\ { antennas added at either the relay or destination nodek-resu
—DF--Sim(s, d) y, =V, R ing in gains of aroun@ dB when compared to DF. From this, it

-v- DF--Sim(s, d) Vo =

Bit—Error—Ratio
B
o

1078 psM--sim(s, d) Yy = Vg can be seen that Dh-SM has the potential to provide subatanti
~-DF—-Sim(s, ) v, =4xy,, ) spectral efficiency and coding gains in future wirelessyrela
_¢-DSM==Sim(s, d) y, =4 xy 4 S networks.
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