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Abstract—We propose an efficient transmission scheme for
the generalized space shift keying (GSSK) based on the residue
number system (RNS). The proposed scheme increases the num-
ber of active transmit antenna combinations (TACs), resulting
in a higher throughput than that of the conventional GSSK
systems. The received signals can be detected by a joint max-
imum likelihood (ML) detection, whose complexity, however,
grows exponentially with the number of active TACs. To solve
this problem, we propose a new detection method based on the
RNS, whose complexity is much lower than that of the joint ML
detection with negligible performance loss.

Index Terms—Multi-input multi-output, generalized space shift
keying, residue number system, maximum likelihood detection,
mixed radix conversion.

I. INTRODUCTION

PACE shift keying (SSK) [1]-[4] is a low-complexity

multi-input  multi-output (MIMO) technique which
employs only one active transmit antenna (TA) in each
time slot. In the SSK system, information is conveyed only
through the indices of active TAs. The special structure of
SSK offers inherent robustness to inter-channel interference
(ICI). However, a disadvantage of SSK lies in that the
throughput increases with the base-two logarithm of the
number of TAs Nrp.

In order to increase the throughput, the generalized space
shift keying (GSSK) [5] is proposed to enable Np active TAs
in each time slot. Hence, the throughput of the GSSK system
is directly related to the number of TA combinations (TACs).
Specifically, for a conventional GSSK system with Np out of
Nr active antennas, the number of active TACSs is 2llogy Ke | s
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where K¢ = (%ﬁ) It is possible to transmit more bits by

increasing the number of active TACs.

The residue number system (RNS) [6] has received broad
attention in digital signal processing [7] and communica-
tions [8]. RNS tells that a non-negative integer I can be
uniquely reconstructed from its remainders zi, 22, ..., zg by,

Zi =1 mod M,', (1)

if I < ]_[ZQ:1 M;, where all moduli M; are co-prime.! Motivated
by this property, we propose a RNS based GSSK (RNS-GSSK)
transmission scheme to increase the number of active TACs
and equivalently the throughput of the GSSK systems. The
GSSK systems can be detected by a joint maximum likelihood
(ML) [9] detection algorithm. However, the computational
complexity of the joint ML detection grows exponentially
with the number of TACs, which makes the joint ML detector
impractical for a large number of TACs. Aiming at low com-
putation cost, we further propose a RNS based ML (RNS-ML)
detection algorithm. In detail, the contributions of this letter
can be summarized as:

o The proposed RNS based transmission scheme can
increase the throughput of the GSSK system.

o The proposed RNS-ML algorithm can reduce the compu-
tational complexity of signal detection for the RNS-GSSK
system with negligible performance loss.

The rest of this letter is organized as follows. In Section II,
we introduce the GSSK system model and the joint ML
detection. Our proposed RNS-GSSK system and through-
put analysis are introduced in Section III. In Section IV,
the RNS-ML detection algorithm and the complexity analy-
sis are provided. Performance comparisons of the RNS-GSSK
systems and the MIMO systems are presented in Section V.
Finally, Section VI concludes this letter.2

II. GSSK SYSTEM OF Q TIME SLOTS

A GSSK system consists of a MIMO wireless link with
Np TAs and N receive antennas. In this letter, we con-
sider a GSSK system transmitting the source information b =
[by,...,br] in Q time slots, where b; € {0,1},i =1,...,L.

]M,-,Mj are co-prime to each other if ged(M;, Mj) = 1, where i # j and
ged stands for the greatest common divisor.

2Notations: Bold lowercase and capital letters are used for vectors and
matrices, respectively. ()" denotes Hermitian transposition. A complex
Gaussian distribution with mean u and variance o2 is denoted by CN(u, 02).
|-] denotes flooring operation. () denotes the binomial coefficient. A hat over
the variable name is used to signify the detected signals. || - || denotes the
Frobenius norm of a vector.
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TABLE I
AN EXAMPLE OF RNS BASED TRANSMISSION SCHEME FOR
Nr=16,Np=2,0=2, M| =69, M, = 119

[ Source Information b | TAC index I | (z1,22) |

0000000000000 0 0,0
0000000000001 1 (1.1)
0000001000100 68 (68, 68)
0000001000101 69 (0, 69)
HTTTTTTT10 8190 (49.99)
ISISERsIRItNT! 8191 (50,100)

If QO = 1, the corresponding GSSK system degenerates into
the conventional GSSK system [5]. The source information b
is mapped into an index of TAC I, which is used for selecting
Np active antennas in each of Q time slots. When we choose
Np from Ny antennas as the active antennas, the number of
possible TACs in each time slot is K¢. In GSSK systems, the
number of total active TACs in Q time slots, denoted by T,
must be a power of two to modulate the binary information
bits b. Therefore, there are at most 7 = 2l2log2Kcl aetive
TACs and 0 < [ < 2l@log2Kcl _ 1, Consequently, at most
L = [Qlog, Kc] bits could be conveyed on the indices of
TACs in Q time slots.

In the i-th time slot, the Np active antennas correspond to
a constellation vector X; = [x; 1, X; 2, ...,xi,NT]T, in which
there are Np non-zero values and Ny — Np zeros. Let H; €
CNRXNT pe the MIMO channel matrix from the transmitter
to the receiver in the i-th time slot, whose entries follow
CN (0, 1). Then, the received signal in the i-th time slot can

be formulated as
vi= L Hx +, @)
Np !

where p denotes the average signal to noise ratio (SNR) at
each receive antenna and 7; € CV2*! denotes the noise vector
whose elements follow CA (0, o2).

In [9], a joint ML detection was applied to space-time shift
key system, which can also be applied to estimate the index 1
of the active TAC in the RNS-GSSK system as

Q

I=argmin )" || yi — Hx; |, (3)
el i=1

where I ={0,1,..., T —1}.

III. GSSK TRANSMISSION BASE ON RNS

RNS is a number system which divides a large integer into
smaller integers with a specific moduli set. In this section, we
will introduce the RNS-GSSK to increase the throughput of
the GSSK system.

Algorithm 1 RNS Based GSSK Transmission Scheme
Initialization:
Given Q, Nr and Np, select {Mj, ..., Mp} by exhaustive
search such that constraints (A) and (B) are satisfied.
Converting:
Map information b to I by (4).
for i=11to Q do
Convert I into RNS z; by (1).
end for
Transmission:
Transmit the symbols x; according to z;.

A. RNS Based Transmission Scheme

We first map the source information b into an active TAC
index I by

L
=Y b-27", )
i=1

and convert / into the RNS residues z = [z1, 22, . . ., 2] by (1),
where z; will be used as the index of the active TAC in the i-th
time slot. For example, the results of above process for Ny =
16,Np =2,0 =2, M| =69, M, = 119 are shown in Table 1.
Then, the constellation vectors x; = [x; 1, Xi 2, ..., X, NT]T cor-
responding to z; are transmitted, where / is the index of the
TAC for x1, X3, ..., Xp and z; is obtained by (1).
In the RNS-GSSK system, each moduli M; should satisfy

the following two constraints:

(A) Ky < M; < K¢, where Ky = 2llogaKe] g the number

of TACs in conventional GSSK;
(B) ged(M;, Mj) = 1, where i # j and gcd stands for the
greatest common divisor.

The first constraint is for increasing active TACs to improve
the throughput of the RNS-GSSK system, while the sec-
ond one is for reconstructing 1 by the RNS-ML algorithm,
which will be introduced in the next section. The values of
{My, ..., Mp} can be selected by an off-line exhaustive search
in the range [Ky, Kc], and should be chosen large enough to
transmit more bits, meanwhile ]_[lQ: | M; must be as small as
possible. The RNS based GSSK transmission scheme is given
in Algorithm 1.

B. System Throughput

In conventional GSSK systems, the index of TAC in each
time slot carries |log, Kc| bits. Therefore, the throughput of
the conventional GSSK is Rgssx = [log, Kc| (bpcu).

In the RNS-GSSK system, the number of antenna combi-
nations is HinlMi- Therefore, the antenna combinations in

Q time slots can convey |log, HzQ:I M;] bits, resulting in the

0
Llogy [T M)
throughput of the RNS-GSSK system Rrys = ’—Q:l
Letting Rp = Rgrns —Rgssk denote the throughput improve-

0 :
ment, we have Rp = Lo loga Mi) [log, Kc]. From con-

straint (A) Ky < M;, we have Q|log, Kc| < logyM; + ...+
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Algorithm 2 MRC Based RNS-ML Detection Algorithm
Detecting Process:
for i=11to Q do
Search the active TAC Z; by (8).
end for
Obtain the coefficients [«y, ..., ap] from Z by (9)-(11).
Compute antenna combination 1 by (12).
Demapping:
Demap I to b by applying decimal to binary conversion.

log, My = Zlel log, M;, and hence

LZ?:] log, M, iJ
Q

From constraint (A) M; < K¢ and constraint (B) M; # M;, we

have LZlQ:l log, M,-J < | Qlog, K¢ |, and therefore

Rp = — |logy K¢ | = 0. (5)

| Qlog, K¢ |
D
0
By combining both of (5) and (6), we have

Rp |_log2 KCJ < 1. (6)

O<Rp<. (7

Consider Ny = 16, Np = 2 and Q = 2. The throughput
of the conventional GSSK system is Rgssx = Llogz(é6)J =
6 bpcu. However, the throughput of the RNS-GSSK system is
Rens = ([2-1ogy(3)])/2 = 6.5 bpeu.

IV. Low COMPLEXITY DETECTION
A. RNS-ML Detection Algorithm

In the RNS-ML detection, we search for the active TAC Zz;
in the i-th time slot by a conventional ML detection
& = argmin || y; — Hix; ||%, (8)
i
whose complexity only grows exponentially with Kc. After
that, we need to convert Z = [Z1,22,...,Zg] to 1. In RNS
systems, there are basically two techniques that can be used for
this conversion: One is the mixed radix conversion (MRC) [10]
and the other is the Chinese remainder theorem (CRT) [11].
In this letter, we only consider MRC. The CRT may also be
applied here in a straightforward manner.

We first obtain the coefficients [a1, a2, ..., ag] from Z by

o =71 mod My, 9)

22—

o) = mod M, (10)

1

o -1 i—1
0~ ZiQ=1 (“i [T M/)
g = —
Hl‘Qzll M;
Then, we estimate the active TAC index of Q time slots by

0 i—1
i = Z Olil_[]Wj
i=1

J=1

mod M. (11D

12)
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Fig. 1. ROC of the RNS-ML detection to the joint ML detection.

After that, we demap 1 to the information bits b. Note that
1 can be obtained only if the constraint (B) is satisfied.
Otherwise, two different I’s may have the same RNS values
z, which makes it impossible to obtain the correct 1 based
on MRC [10]. The proposed transmission scheme has negligi-
ble performance loss with respect to the ML detection as any
small error in detecting 2; may cause a larger error in 1. The
proposed RNS-ML detection is described in Algorithm 2.

B. Computational Complexity

We compare the complexity of the RNS-ML detector with
that of the joint ML detector for RNS-GSSK. To estimate the
computational complexity, we use the number of multiplica-
tions required in the detection process as in [12]. The number
of additions can be shown to have a similar view.

In the RNS-ML detection, the norm || y; — Hix; || in (8)
needs Np + 2 multiplications, which is calculated NrM; times
to detect each z;. On the other hand, (QE])Q multiplications
are required to compute ai, a2, ..., ag [10]. Therefore, the
total number of multiplications in the RNS-ML detector is

Q
—1
Coxs = Y NeMiNp +2) + E— D2,

' 5 (13)
i=1

In the joint ML detection, the norm | y; — Hix; |°
needs Np + 2 multiplications, which is calculated NgT times.
Therefore, the total number of multiplications in the joint ML

detector is
Cjoint = NRT(Np + 2). (14)

For comparison purpose, we resort to the ratio of the
complexity (ROC)

CRNS _ ZzQzl NRMi(NP + 2) + (Q—zl)Q
NxT(Np +2)

ROC =

(15)

CJoint
The ROCs for different configurations are given in Fig. 1.
It can be seen that the ROC decreases with the increase of
N7, Np, Ng and Q.
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Fig. 2. BER performance comparison of the RNS-GSSK system with joint
ML detector and RNS-ML detector (Ng = 4).
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Fig. 3.  BER performance comparison of the RNS-GSSK system versus

V-BLAST (Ng =4).

V. SIMULATION RESULTS

Example 1: The bit error rate (BER) performance of RNS-
GSSK systems with the RNS-ML detection is shown in Fig. 2.
For N = 6,Np = 2,0 = 3, we set the moduli M| =
11,M; = 13 and M3 = 15. For Ny = 16, Np = 2,0 = 2, we
set the moduli M; = 69 and M = 119. For Ny = 8, Np =
3,0 = 2, we set the moduli M; = 41 and M, = 50. For
Nr =16, Np = 4, Q = 2, we set the moduli M| = 1417 and
M, = 1480. For Ny = 8, Np = 5, Q = 2, we set the moduli
M| =41 and M, = 50. For Ny = 16, Np = 6, Q = 2, we set
the moduli M| = 5419 and M, = 6192. For comparison pur-
pose, the BER performance of the RNS-GSSK systems with
the joint ML detector is also shown. It can be seen that our
proposed RNS-ML detector can achieve similar performance
to that of the joint ML detector. However, we can see that
the computational complexity of RNS-ML detector is much
lower than that of the joint ML detector, which indicates that

the proposed RNS-ML detection algorithm can achieve better
performance-complexity tradeoff than the ML detector.
Example 2: In Fig. 3, the BER performance compari-
son between RNS-GSSK and MIMO systems is made. For
Nr = 8, Np = 3,0 = 2, the throughput of the RNS-GSSK
system is 5.5 bpcu. For comparison, the throughput of MIMO
system with BPSK and Ny = 5 is 5.0 bpcu. For Ny = 16,
Np = 2, Q = 3, the throughput of the RNS-GSSK system is
6.5 bpcu. For comparison, the throughput of MIMO system
with 8QAM and N7 = 2 is 6.0 bpcu. It is observed from Fig. 3
that the RNS-GSSK system of greater throughputs provides a
significant performance gain over the MIMO systems.

VI. CONCLUSION

In this letter, we have introduced the RNS based GSSK
system which is referred to as the RNS-GSSK system. The
RNS-GSSK system has more TACs in Q time slots and
therefore higher throughput than the GSSK system. In order
to reduce the detection complexity, we have also proposed
the RNS-ML detection for the RNS-GSSK system. With the
proposed RNS-ML detector, the computational complexity
of the detection in the RNS-GSSK system can be reduced
significantly with negligible performance loss.
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