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1 Introduction
n order to enhance the transmission rate of wireless com-
munications, various multi-antenna technologies have
been proposed, among which spatial modulation (SM) tech-
nology!' ' has garnered widespread attention due to its in-
novative nature. As a novel digital modulation method, SM
technology conveys additional information through the On/Off
states of transmission antennas, achieving an effective balance
between spectral efficiency and energy efficiency. This ap-
proach reduces the number of radio-frequency chains, thereby
decreasing implementation costs, and finds extensive applica-
tions across various signal domains, such as frequency, time,
code and angle domains. Recent comprehensive review pa-
pers® ¥ have thoroughly delineated the fundamental prin-
ciples, system design variants, and performance enhancement
strategies of SM, providing crucial insights for understanding
and advancing this technology. Concurrently, index modulation
multiple access (IMMA), envisioned as an advanced technique
for future 6G communications, is considered a novel extension
of the traditional non-orthogonal multiple access (NOMA). Tt
enhances spectral efficiency and energy efficiency and opti-
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mizes system performance and massive connectivity capabili-
ties. Relevant literature” 7 has delved deeply into the basic
principles of IMMA and investigated its potential applications
in various fields such as vehicular networks, reconfigurable in-
telligent surface (RIS)-aided networks, cooperative networks,
and secure networks. Moreover, recent studies®™ ° have ex-
plored the application of index modulation technology in new
areas such as green Internet of things (IoT) and dual-hop
OFDM relay systems, further highlighting its advantages in im-
proving communication efficiency and performance. These de-
velopments not only underscore the significance of index modu-
lation technology in modern wireless communication, but also
pave new paths and provide perspectives for its future evolution.

Building on this progress, differential spatial modulation
(DSM), an important advancement in spatial modulation tech-
niques, has emerged to address challenges in high-speed chan-
nel streaming and complex channel estimation in SM"%., DSM

[11]
2

introduces differential modulation in the time domain re-

taining the benefit of SM’ s single transmit antenna activation
per time slot while effectively avoiding channel estimation'?.
In a DSM system, the focus is on differential mapping coding

131 and demodulation at the receiver', with

at the transmitter
current research primarily directed towards mapping algo-
rithms for antenna activation sequences and the development

of efficient detection algorithms at the receiver!” 7. As the



number of transmit streams increases with the antennas and
modulation sequences, the performance of the DSM system is
impacted. To this end, a differential spatial modulation detec-
tor with low complexity has been proposed'®, and algebraic
differential spatial modulation has been explored'”. A new
generalized DSM scheme improving data transmission rates
through symbol interleaving techniques is introduced in Ref.
[20]. For high mobility scenarios, a low-complexity detector
that enhances performance in fast fading channels is pro-
posed®', alongside a reordered amplitude phase-shift keying-
assisted DSM scheme and a low-complexity detection algo-

221 significantly improving performance under fast fad-

rithm
ing conditions. Differing from previous studies, this paper fo-
cuses on the mapping algorithm of DSM'®!, elaborating on the
design of the activation sequence for the look-up table order
(LUTO) and permutation method (PM) and further designing a
mapping table for LUTO when the number of transmit anten-
nas is large. Our simulation validates that, in terms of the bit
error rate (BER), PM slightly outperforms LUTO, with the ex-
tended PM algorithm showing a slight improvement in system
performance compared to existing literature'®. Depending on
system requirements, different mapping algorithms can be se-
lected in practical applications.

The remainder of this paper is organized as follows. In Sec-
tion 2, a brief review of a DSM system model is presented. Two
mapping algorithms are described in Section 3 and complexity
analysis is provided in Section 4. In Section 5, we present the
simulation results. The conclusion is given in Section 6.

Notations are as follows: (+)" and Tr(+) denote the transpose
and trace of the matrix, respectively; Re{:} represents the real
component of the argument; the complex number field is de-
noted with C.

2 System Model

Consider a fundamental band DSM system with N, transmit
antennas and Ny receive antennas. At the transmitter, the in-
formation bits are divided into each of logz(NT!) +
N, log, (M) bits in a transmit block*! and are transmitted on
N, time slots, where M denotes the modulation order. Note
that in the DSM system, the transmitting antennas and the
length of a transmitted block is N,. At the time of transmission

duration T, the transmission matrix S, € C* " is
S, =8, X, (1)

Nyx Ny s . Nex N,

where X, € C""*"" is the message matrices. Let H, € C"**"

represent the channel matrix. Then the received signal matrix
N x Ny

Y, e C"*" can be expressed as

Y,=H,S,+N,- (2)

Assuming that the channel is a flat Rayleigh fading chan-
nel, we consider the channel is invariant between two consecu-

Differential Spatial Modulation Mapping Algorithms

Research Papers

WANG Chanfei, CHAI Jianxin, XU Yamei

tive transmissions'®, and then we have H, = H, _,. Therefore,
Eq. (2) can be rewritten as

Yo=Y, Xy = Ny Xyt Ny 3)

The estimation of X, based on the maximum likelihood
(ML) rule can be expressed as

fT = argmin ” Y, -Y, X, Hi

VX eR,

(4)
Thus, the optimal detector can be derived as

= g TR 1Y X)) 8

where R, denotes the set consisting of all effective information
matrices. At last, the information bits are recovered by de-
mapping the estimated antenna activation order. In the follow-
ing, the mapping algorithms will be formulated.

3 Mapping Algorithms

3.1 LUTO

The LUTO algorithm is an efficient mapping method for
matching data symbols to antenna combinations. Specifically,
the antenna indices are divided into groups; each group con-
tains several antenna indices, and each bit is used to select a
group. The antenna indices within each group are arranged in
a certain order, and the order among different groups can be
customized as needed. To summarize, the implementation
steps of the algorithm are as follows:

Step 1: Predefine an antenna combination mapping table
corresponding to each data symbol;

Step 2: Convert the entered data symbols to the desired an-
tenna combination;

Step 3: Map the antenna combinations and transmit the
data symbols.

The signal matrix S, , is calculated by Eq. (1). Examples
of binary phase shift keying (BPSK) and differential transmis-
sion processes with N;=3 are shown in Table 1.

Table 2 shows the mapping table for the LUTO algorithm
when N,=3. For further study, the matrix of all signals sent by
the system is shown in Table 3 when the input bit stream is 00
with BPSK modulation. Normally, the number of table rows is
2"’52(N’!), and the total number of the mapping schemes gener-
ated is N,l. Therefore, part of mapping scheme would be
dropped. The formula for discarding the number of mapping
schemes can be expressed as

L= Nyl - 2, (6)

The table column is related to the modulation order, which
is determined by the following steps.
Step 1: Generate the value of the bits to be entered;
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VTable 1. Differential transmission in differential spatial modulation (DSM) with binary phase shift keying (BPSK) modulation and N, =3

Index ¢ 0 1 2 3
Time interval 0,1,2 3,4,5 6,7,8 9,10, 11
Input bit No information sent 01010 10100 11110
-1 +1 -1
Map to X, No information sent -1 +1 +1
+1 +1 +1
+1 =l =1 -1
transmitted signal matrix S, +1 +1 +1 -1

V Table 2. Mapping table of LUTO algorithm when N, =3

Antenna Activation

Input Bitstream Block of Information to Send

Sequence
s,
00 (1,2,3) $2
L 55
s,
01 (1,3,2) 82
I3
5
10 (2,1,3) 52
s3]
i
11 (2,3,1) 55
LSy

V Table 3. Matrix of all signals sent with binary phase shift keying
(BPSK) modulation and N, = 3 when input bit D is 00

Time Interval 1

Time Interval 2 Time Interval 3

Input Transmitted
Bits Antenna Symbol Antenna Symbol Antenna Symbol Signal Matrix
Index Index Index
[-1
00000 1 -1 2 -1 3 -1 -1
-1
-1 ]
00001 1 -1 2 -1 3 +1 =Il
+1]
-1
00010 1 -1 2 +1 3 -1 +1
-1
=il ]
00011 1 =il 2 +1 3 +1 +1
+1]
[+1
00100 1 +1 2 +1 3 +1 +1
+11
[+1
00101 1 +1 2 +1 3 =il +1
=i
fal -
00110 1 +1 2 -1 3 +1 -1
+1 ]
[+1
00111 1 +1 2 =il 3 -1 =l
-1

Step 2: Derive the maximum binary number from the 0/1 bit
sequence based on the input bit value;
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Step 3: Convert the maximum binary number to a decimal
number;

Step 4: Add one to the resulting decimal number to deter-
mine the size of the table column.

As shown in Tables 4 and 5, the antenna activation se-
quence is given when N, = 4 and N, = 5. When N, = 4, there
are N, = 4! =
it can be seen that among the 24 antenna activation orders,

24 antenna activation sequences. From Eq. (6),

there will be eight antenna selection options not selected. The
last eight of all schemes are generally discarded. The selected
mapping scheme is represented by the set D=
{Dy, Dy, D5 [=1(1,2,3,4), (1,2,4,3), (1,3,2,4), (1,3,4,2), (1,4,
2,3),(1,4,3,2), (2,1,3,4), (2,1,4,3), (2,3,1,4), (2,3,4,1), (2,4,1,
3),(2,4,3,1),(3,1,2,4), (3,1,4,2), (3,2,1,4), (3,2,4,1)}. Based on
the formula N, log, (M) =41log,(2)=4, a four-bit sequence is
obtained. Converting the largest sequence 1111 to decimal
and adding one yields a table with 16 columns. Define that U
represents the full modulation symbol mapping scheme Then
a permutatlon combination is obtained as U={(-1,- -1),
(-1,-1,-1,+1), (-1,-1,+1,-1), (-1,+1,-1,-1), (+1,-1 -1),
(-1,=-1,+1,+1), (-1,+1,-1,+1), (+1,-1, —1 +1),( 1,+1 +1 +1)
(+1,+1,+1,+41), (+1,+1,+1,-1), (+1,+1,=1,+1), (+1,-1,+1,+1),
(+1, +1, -1, =1), (+1, -1, +1, -1), (+1, -1, -1, -1)}. Set D =
{Dy. Dyyoe, Dy} =(1,2,3.4.5), (1,2,3,5.4), (1.2,4,3,5), (1,2.4.5,
3), (1,2,5.3,4.), (1,2,5.4,3), (1,3,2,4.5), (1,3,2.5.4), (1,3,4,2.5),
(1,3,4,5,2), (1,3,5,2,4), (1,3,5,4,2), (1,4,2,3,5), (1,4,2,5,3), (1,4,
3,2,5), (1,4,3,5,2), (1,4,5,2,3), (1,4,5,3,2), (1,5,2,3,4), (1,5,2.,4,
3), (1,5,3,2,4), (1,5,3,4,2), (1,5,4,2,3), (1,5,4,3,2), (2,1,3,4,5),
(2,1,3,4,5), (2,1,3,5.4), (2,1,4,3.5), (2,1,4,5,3), (2,1,5,3.,4), (2,1,
5.,4,3), (2,3,1,4,5), (2,3,1,5,4), (2,3.4,1,5), (2,3,4,5,1), (2,3,5,1,
4), (2,3,5,4,1), (2,4,1,3,5), (2,4,1,5,3), (2,4,3,1,5), (2,4,3,5,1),
(2,4,5,1,3), (2,4,5,3,1), (2,5,1,3,4), (2,5,1,4,3), (2,5,3,1,4), (2,5,
3.4.1), (2,5,4,1,3), (2,5,4,3,1), (3,1,2,4,5), (3,1,2,5.4), (3,1,4,2,
3), (3,1,4,5,2), (3,1,5,4,2), (3,1,5,2,4), (3,2,1,4,5), (3,2,1,5.,4),
(3,2,4,1,5), (3,2,4,5,1), (3,2,5,2,4), (3,2,5,4,1), (3,4,2,1,5), ( 3,4,
2,5,1), (3,4,5,1,2)}.

From Eq. (6), it can be seen that by bringing N, =5 into
51 — lels

) = 56, there are 56 antenna activation sequences

?

that will not be selected. Set U is arranged in the same way as
N, =4. For N, = 4,5, each information block carries 8 and
11 data bits in the BPSK scheme of LUTO, respectively. It can

be seen that as N, and M increase, the transmission efficiency
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VTable 4. All the signal schemes of Look-Up Table Order (LUTO) with binary phase shift keying (BPSK) modulation and N, =4

U
UO Ul UZ UJ Uﬁ U7 UU Ul4 Ul5
o 00000000 00000001 00000010 00000011 00000110 00000111 00001101 00001110 00001111
. 00010000 00010001 00010010 00010011 00010110 00010111 00011101 00011110 00011111
D, 00100000 00100001 00100010 00100011 00100110 00100111 00101101 00101110 00101111
Dy 01100000 01100001 01100010 01100011 01100110 01100111 01101101 01101110 01101111
D
b 01110000 01110001 01110010 01110011 01110110 01110111 01111101 01111110 01111111
D, 11000000 11000001 11000010 11000011 11000110 11000111 11001101 11001110 11001111
D, 11010000 11010001 11010010 11010011 11010110 11010111 11011101 11011110 11011111
D 11110000 11110001 11110010 11110011 11110110 11110111 11111101 11111110 11111111

VTable 5. All the signal schemes of Look-Up Table Order (LUTO) with binary phase shift keying (BPSK) modulation and N, =5

U
U, U, U, U, U, U, U,
D, 00000000000 00000000001 00000000010 00000001110 00000001111 00000011101 00000011110 00000011111
D, 00000100000 00000100001 00000100010 00000101110 00000101111 00000111101 00000111110 00000111111
D, 00001000000 00001000001 00001000010 00001001110 00001001111 00001011101 00001011110 00001111111
. 00111000000 00111000001 00111000010 00111001110 00111001111 00111011101 00111011110 00111011111
5 00111100000 00111100001 00111100010 00111101110 00111101111 00111111101 00111111110 00111111111
D
., 01111000000 01111000001 01111000010 01111001110 01111001111 01111011101 01111011110 01111011111
D, 01111100000 01111100001 01111100010 01111101110 01111101111 OITLITIT101 0111111110 0111111111
D, 11110100000 11110100001 11110100010 11110101110 11110101111 11110111101 11110111110 11110111111
D, 11111000000 11111000001 11111000010 11111001110 11111001111 11111011101 11111011110 11111011111
. 11111100000 11111100001 11111100010 11111101110 11111101111 1111111101 111111110 11111111111

increases. The table size is 16X16=256 when N, = 4. When
N, =5, the table size is 32X64=2 048. As the transmitting
antennas increase by one, the size of the table increases by
1 792 cells. Specifically, the size of the table increases expo-
nentially with the transmitting antennas.

3.2 Permutation Method

From the previous subsection, it can be seen that the LUTO
is not applicable to the case where the number of transmitting
antennas is large. Thus, PM is introduced. This method forms

a point-to-point mapping by permuting the order of N, num-
bers. First, an integer m is mapped into a sequence, a'™ =
(a<lm),---,(z(,\l"}), which is a set of permutations {1,---,NR}. For
Ny, m e [0, N, = 1] can be represented as a sequence a'™ of
length N,. In short, the algorithm is implemented as follows.
Step 1: The input sequence is converted to an integer m.
Step 2: Integer m is converted to the sequence b" =

(b'l",---, by, ), and the conversion is shown as

m =0} (Ng = 1)l + - + by 0!, (7)

Take the largest b} satisfying b'l"(NI - 1) <n,, and con-
tinue to find b7 satisfying b;l(NT -2)0l<m~- b'l"(NT - 1)!.
And then all the b™ elements are computed in turn.

Step 3: the factorial sequence b™ is mapped into the arrange-
ment ¢'™. Here O = (1,2,---,

list, its first element index is 0, and the formula for converting

NR) is defined as an ordered

b" to '™ is shown as

al' = b,,,
1<i<N, : (8)

so that the element ®h""' will be removed from list 1, and then

each element of a'™ is obtained in a recursive way.

4 Complexity Analysis

The experimental platform utilizes the Windows 10 operat-
ing system, the programming environment is MATLAB 2016,
and the CPU employed is an Intel Core 19-13900. Specifically,
these configurations are detailed in Table 6.

Table 7 compares the program running times of the PM al-
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V Table 6. Configuration of the test host

CPU Type Core Count Thread Count Core Types Performance-Core Frequency RAM
Core 19-13900 24 32 Alder Lake (12-th generation) 2.00 GHz 32 GB
VTable 7. Performance test results
Program 10°
Proya -
Test Items ;Trgl;d,;nnil;n Test Items Running \.. \\ d; 5 —sr— BPSK practical
1 2/s .
Time/s \ % ———= BPSK theory
PM BPSK N, = o AN 1 == QPSK practical
N, -1 6.76 LUTO BPSK N, = 3N, = 1 4.47 10 N ——n QPSK theory
- —f— 8PSK practical
PM BPSK N, = - _ . practica
B 112.95 LUTOBPSK Ny =3N,=2 3045 | 1 NN NGO $PSK theory
PM BPSK N, = g 107
or= 213.68 LUTO BPSK N, =3 N, =3 67.37 2
3N, =3 5
PM QPSK N, = _ _ B
S 15.01 LUTO QPSK N, = 3 N, = 1 5.47 =R
PM QPSK N = 363.52 LUTO QPSK N, = 3N, =2 4682
3N, =2
LPAE] (IS A = 816.58 LUTO QPSK N, =3N, =3  89.67 107
3N, =3
P Mf;“f Mo = 4454 LUTO 8PSK N, = 3N, = 1 11.59
=
107
FM S ook Ny = 370.16 LUTO 8PSK N, = 3N, =2 4183 o3 6 9 2582l 24
* SNR/dB
PMSSSSIS ’g'r = 1969.85 | LUTOSPSK N, =3N,=3  375.57
YT 8PSK: 8 Phase shift keying QPSK: quadrature phase shift keying
PM4B]{[’SIE ]:/T = 2406 LUTO BPSK N, = 3 Ny = 1 20.51 BPSK: binary phase shift keying SNR: signal-to-noise ratio
o=
PM BPSK N, = 47279 LUTO BPSK Ve = 4N = 2 54037 A Figure 1. Simulation and theoretical results of Look—Up Table Order
4N, =2 : SR m e - (LUTO) with N, =4 and N, =4
IMIBLEIEE 962.76 LUTOBPSK N, = 4N, =3 33452
4N, =3
PM BPSK N, = . . . .
AN, =4 114505 | LUTOBPSK N, = 4N, =4 48176 5 Simulation Results and Discussion
PM4QNPSIE /;/,,, = T LUTO QPSK N, = 4N, = 1 173.50 In this section, we simulate and evaluate the BER perfor-
2 mance of the DSM. The quasi-static Rayleigh flat fading chan-
PMfg“i‘Y’ B 1323.63 LUTO 8PSK N, =4 N, =1 62583 nel is used in the experiments.
YR T
- Fig. 1 gives the theoretical and simulation results of the
17 MSB;;S’E ];’ 7= 127.07 LUTOBPSK N, = 5N, =1 9636 & 1 8 -
r®= LUTO for BPSK, QPSK and 8PSK modulation in DSM systems.
PMSQ]?IE [lVT = 1 981.00 LUTO QPSK N, = 5N, = 1 896.64 It shows the performance of the DSM system when N, = 4 and
=
- N=4. It can be seen that the higher the order of symbol modu-
PM 8PSK N, = R
et 56 551.78 LUTO 8PSK N, = 5N, =1 15 637.95 . . .
SNe=1 lation, the higher the data rate of the DSM system transmits.

PM: Permutation Method
QPSK: quadrature phase shift keying

8PSK: 8 Phase shift keying
BPSK: binary phase shift keying
LUTO: Look-Up Table Order

gorithm and the LUTO algorithm under different conditions.
From the table, it is evident that the LUTO algorithm outper-
forms the PM algorithm in terms of running time. This advan-
tage becomes more pronounced as the number of antennas and
the level of modulation order increase. This is because when
the number of transmitting antennas is small, the LUTO algo-
rithm does not incur any additional time complexity. However,
as the number of antennas grows, the space complexity re-
quired by the LUTO algorithm increases exponentially. The
PM algorithm, which converts the input bit stream into a sig-
nal matrix without using lookup tables, significantly reduces
spatial complexity.

-l 20 | ZTE COMMUNICATIONS
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Fig. 2 gives the comparative results of BER performance of
DSM with N, =4, 5 and N=1,2,3,4,5 for PM and LUTO un-
der BPSK modulation. At BER=10"", it can be seen that the
SNR gain of the PM is slightly better than that of the LUTO for
Ni=1,N,=4 and N,= 5. As the number of receiving antennas
increases, the SNR gain of the PM gradually increases. The
simulations show that the system performance is affected by the
number of transmitting antennas. As the transmitting antenna
number increases, the diversity gain increases.

Fig. 3 gives the BER performance of PM and LUTO in DSM
with different modulations for N, = 3,4,5, N, = 3. When N, =
4, there is roughly a 5.9 dB SNR loss at BER=10"" for 8PSK com-
pared to QPSK modulation. When N, = 5, there is roughly 2.4 dB
SNR loss for QPSK modulation compared to BPSK modulation at
BER =107,
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BER: bit error rate SNR: signal-to-noise ratio

A Figure 2. BER performance of DSM with Permutation Method (PM)
and Look-Up Table Order (LUTO) with BPSK modulation
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and performance analysis of these two mapping algorithms are
presented. Simulation results show that the PM algorithm is
slightly better than the LUTO algorithm in terms of BER, al-
though its implementation is more complicated. The LUTO al-
gorithm, on the other hand, is relatively simple but requires
additional lookup table storage space. The selection of the ap-
propriate method should be based on the specific situation.
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