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Abstract

Generalized spatial modulation (GSM) has come up as a spectrally
efficient transmission scheme for high data rate applications as the infor-
mation bits are transmitted in multiple dimensions by the selective
activation of the transmit antennas, unlike the conventional schemes
employing phase and amplitude-based modulations alone. Differential
schemes for modulation are essential for receivers having strict energy
and processing power constraints since these schemes do not require
frequent channel estimation at the receiver. Differential schemes for
GSM improves the spectral efficiency in comparison with conventional
differential schemes for spatial modulation (SM) with only a nomi-
nal increase in the number of transmit antennas. However, ML-based
detectors require intensive processing at the receiver. In this paper, a
simplified detector based on geometric approximation of the received
signal is proposed for the differential schemes of GSM. Firstly, the
two-stage detector selects a reduced set of candidates for the trans-
mit antenna combinations based on the correlation with the received
signal. A joint detection is performed with the ℓ2-norm minimization
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approach, on the reduced sets of antenna combinations, along with
the modulated symbols lying in the vicinity of the dominant eigen-
vector of the received signal, to detect the transmitted symbol. The
proposed detector has a significant reduction in complexity along with
a comparable error performance with respect to the optimal detector.

Keywords: Spatial modulation (SM), generalized spatial modulation (GSM),
differential spatial modulation (DSM), low complexity detector

1 Introduction

One of the challenges of next-generation mobile communication is to ensure
a balanced trade-off between the wireless systems spectral efficiency (SE) and
energy efficiency (EE) [1]. The existing technologies based on multiple input
multiple output (MIMO), is unable to achieve EE using minimum hardware
resources since MIMO is designed primarily for high rate transmissions without
much focus on reducing the hardware redundancy. The existing communication
systems employ dedicated radio frequency (RF) chains at the transmitter to
drive every antenna. These RF chains contain different types of power ampli-
fiers (PA), which consume up to 65% of the transmitter circuitry power [2].
Most of the current PA are inefficient since they are unable to operate linearly
and close to 80 to 90% of the power is wasted as heat in the PA and they, in
turn, require air conditioners, which increases the energy requirements of the
base stations (BS) [3].

Spatial modulation (SM) has come up as a transmission scheme, that can
dispense with the redundant hardware such as multiple RF chains that are part
of existing MIMO-based communication systems [4]. SM can help in reducing
the need for multiple RF chains at the transmitter hardware by sharing one
RF chain among all the transmit antennas. Also, studies conducted using the
Energy Aware Radio and neTwork tecHnology (EARTH)-based power model
has shown that BS employing SM are 67% more efficient than the ones using
conventional schemes such as multiple input single output (MISO), MIMO
and space-time block codes (STBC) in femto, pico, micro and macro cells
[5]. It is a priority for mobile operators to keep their costs at a minimum to
maintain profitability, and at the same time, they should satisfy the growing
data traffic demands in wireless cellular networks [1]. By leveraging the inher-
ent multi-antenna features of MIMO to achieve high rate transmission along
with minimum energy and hardware requirement of the SM scheme, future
communication systems can achieve the desired performance of a green and
cost-effective communication system.

Despite the low energy requirements and low complexity implementation of
SM, there is still scope for further improvement at the receiver side, where the
maximum likelihood (ML) detectors can be replaced by sub-optimal decoders
with lower detection complexity. This is relevant in the context of massive
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MIMO which supports large data rates through the multiple data streams
transmitted through each of the antennas, and ML detectors become compu-
tationally intractable in such scenarios, owing to the large symbol map [6].
The simplest of the detectors for MIMO systems starting with an increase in
the order of complexity are the linear detectors such as zero-forcing (ZF) and
minimum-mean-square error (MMSE) followed by the sphere decoders (SD)
of [7], [8] and [9]. Even though sphere decoders reduce the detection complex-
ity and have a near-optimal performance in most of the channel conditions,
they suffer from the initial radius problem and their worst-case complexity is
higher. Geometric decoding (GD) is designed to limit such worst-case com-
plexity to a reasonable upper limit in bad channel conditions [10, 11]. Here
the search is performed along the dominant direction of the received signal to
obtain a reduced set of modulated symbols.

A look into the detection techniques for spatial modulation and its vari-
ants such as space shift keying (SSK) [12], generalized SM (GSM)[13], [14] and
quadrature SM (QSM) [15] shows that a lot of work focuses on low complexity
algorithms for coherent transmission schemes. This is partly because coherent
schemes transmit pilot symbols at periodic intervals so that the receivers can
perform channel estimation (CE). These estimated channel coefficients avail-
able at the start of every frame can be reused for decoding all the information
carrying symbols of the same frame, thereby reducing the receiver complex-
ity to some extent. SM is suitable for detection based on sparse signal theory
since the symbols have non-zero entries only at a few locations in the symbol
matrix. Some of the sub-optimal detectors for SM having reduced computa-
tional complexity, is implemented based on the sparse signal theory concepts
such as compressive sensing (CS) [16–18], Euclidean-distance based matching
pursuit [19] and basis pursuit denoising (BPDN) [20]. Sphere decoders and
their improved forms are also implemented for SM to further improve the
detection complexity and they have helped in providing near-optimal error
performance [21, 22] and [23].

Differential modulation schemes for SM are essential for rapidly varying
channel conditions and in user equipments (UE) that cannot afford higher
complexity, since these schemes can work without frequent CE at the receiver.
Most of the coherent SM schemes rely on the simplifying assumption of perfect-
channel state information (P-CSI), and these systems cannot be directly
compared with the differential SMs, since the overhead due to the frequent pilot
symbols are not factored in and consequently the well-known 3 dB penalty of
the differential systems [24] is sometimes an overstatement. It can be seen that
the variants of differential spatial modulation (DSM) with a proper design of
the encoding strategy could overcome the above penalty in a wide range of
signal-to-noise ratio (SNR) [25–27] and [28]. To further reduce the complex-
ity at the receiver, simple detection algorithms are essential for DSM systems
and several algorithms are proposed in [29–32] based on the hard-limiting ML
approach, Viterbi decoding and CS principles. Amplitude phase shift keying
based DSM (APSK-DSMs) [33], [34] improved the SE compared to DSM, and
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their detection complexity is further reduced through the algorithms given in
[35]. The unified DSM (UDSM) [36] offered flexibility by trading off with the
rate-diversity order while designing the symbols. Differential quadrature SM
(DQSM) [37] is designed to be spectrally efficient in the lower modulation
order, and since it cannot support higher modulation order, they are not suit-
able for systems with higher data rates. Moreover, the matrix-based symbols
employed by most of the DSM schemes create a very large symbol map for an
incremental change in the SE, and consequently a larger search space as well.
Almost all of these schemes have ML-based detectors alone to perform the
decoding and they are not suitable for UEs with limited processing capabilities
requiring higher SE at times. Rectangular DSM (RDSM) [26] is an exception
to the square matrix-like symbol structure common to the DSM schemes. In
RDSMs the rate-diversity factor can be designed with reasonable flexibility.
Low complexity detectors for RDSM is proposed in [27], but like other differ-
ential schemes for SM, RDSM is also unable to utilize the amplitude domain
to improve the spectral efficiency.

Almost all the differential SMs discussed so far employed a single active
antenna in a time instant to transmit the modulated symbol, until the works
of differential schemes for GSMs (D-GSM) in [28], where multiple antennas are
activated at the same time instant to improve the SE. Also, these single active
antenna schemes make use of the amplitude domain modulation to improve
the SE, similar to the differential schemes such as APSK-DSMs and GD-SM.
D-GSM schemes overcame the well-known penalty in SNR with its coherent
counterparts and narrowed it down to just 1 dB when compared to the GSM
schemes [13] and [14] that employ P-CSI. Even though these schemes reduce
the complexity to decode modulated symbols compared with the earlier dif-
ferential schemes using ML detector, a higher order system always demands a
simpler decoding strategy to support mobile UEs having energy and processing
power constraints.

In this paper, we present low complexity detection techniques for the two
transmission schemes given in [28], using the correlation between the reference
symbols and the received information symbols to create a candidate list of
transmit antenna combinations (TAC) based on a matching pursuit logic. Then
the singular vectors and values obtained using singular value decomposition
(SVD) performed on the reference symbols are used to create a reduced set of
modulated symbols lying close to the direction of the dominant eigen vector.
The contributions of this paper are summarized as follows:

• Proposed low complexity detectors for the differential GSM schemes using
a two-stage detection process, where a reduced set of TAC candidates are
found out and then by performing a search in the dominant direction to
find the most suitable modulated symbol.

• Analyzed the detection complexity of the proposed schemes and compared
with the optimal detectors.

• The error performance of the proposed detectors is quantified and it is
compared extensively with that of the optimal detectors.
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The remainder of this paper is organized as follows: Section 2 describes
the system model of the existing SM schemes along with their optimal detec-
tors. The proposed low complexity techniques and the concept of geometric
approximation are presented in Section 3. The computational complexities of
the proposed detection schemes are analyzed in Section 4. Results of exten-
sive simulation studies are presented in Section 5 followed by the conclusion
in Section 6.

Notations: We use boldface upper and lower case letters to represent
matrices and vectors. The transpose, Hermitian, pseudo-inverse, ℓp−norm and
absolute value operations on a vector or matrix are denoted by (.)T , (.)H , (.)†,

‖.‖p and . respectively. ⌊.⌋ represents the floor operation and

(

.

.

)

represents

the binomial coefficient. The number of transmitter and receiver antennas are
denoted by Mt and Mr . To represent the number of active antennas in a given
time instant Mu is used and M denotes the modulation order of the quadra-
ture amplitude modulation (QAM) or phase shift keying (PSK) constellation.
Real or complex numbers are denoted by R and C, respectively.

2 System Models

In this section, we briefly review the multi-antenna differential schemes, D-
GSM and differential-multi GSM (D-MGSM) of [28] along with the coherent
GSM [13] and [14] to better understand the technique followed in the proposed
detection algorithm. The mathematical background required for geometric
approximation is also introduced.

2.1 Conventional GSM

The first spatial modulation scheme that employed multiple active antennas
at a time to transmit the information is proposed in [13], where the system has
Mt transmitter antennas, of which Mu number of antennas are active at a time,
by sharing the same RF chain. Whereas, the scheme in [14] improved the SE
by utilizing the active antennas to transmit unique modulation symbols with
the help of dedicated RF chains. Thus the transmitted symbol is represented
as x = {0 . . . x1 . . . 0 xMu

. . .}T , and the received symbol y ∈ CMr×1 is written
in general form as,

y = Hx + n

=

Mu
∑

i=1

hli xi + n
(1)

where hli is the l th
i

column of the fading channel matrix H ∈ CMr×Mt and
n ∈ CMr×1 is the additive white Gaussian noise (AWGN) vector.
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2.2 Differential schemes for GSM

In the schemes presented in [28], multiple active antennas are used to trans-
mit the information, unlike the single active antenna scenario of conventional
differential SMs. During the bit mapping of these schemes, the first part of the
given bits map to a specific TAC and the rest of the bits are mapped to QAM or
PSK symbols and transmitted from each of the active antennas. The schemes
differ in the number of RF chains, where D-MGSM requires multiple chains in
comparison to the single RF chain of D-GSM. Given below is an example of a
transmitter with Mt = 5 antennas using Mu = 2 active antennas at a time to
achieve the information mapping shown in Table 1. Both the schemes have

Table 1: Mapping rule of information bits to transmit antenna for D-GSM
and D-MGSM

Information
000 001 010 011 100 101 110 111

bits
L, Transmit antenna

1, 2 1, 3 1, 4 1, 5 2, 3 2, 4 2, 5 3, 4
combination

the frame structure given in Figure 1, consisting of Mt reference symbols fol-
lowed by K normal symbols carrying information. The reference symbol sr is
sent across the transmit antennas during the start of the frame at high power.
The reference symbol block received during the start of the frame is given by

Data symbols

1st Frame 2nd Frame

Reference symbols
Fig. 1: Frame structure of differential GSM schemes

Yr
= Hr sr +Nr

. (2)

where the entries of the channel fading matrix Hr ∈ CMr×Mt and the AWGN
matrix Nr ∈ CMr×Mt , are independent and identically distributed (i.i.d) as
CN (0, 1), CN (0, σ2

r ) respectively. A normal information carrying symbol is

encoded as x(k )
= {0 . . . x (k )

1 x
(k )

i
. . . 0 x

(k )

Mu
. . . 0}

T
, where the non-zero elements

correspond to the active antennas, and x
(k )

i
∈ C is the modulated symbol. The

symbol is differentially encoded as

sn = srx(k ) (3)
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where sr is the reference signal and yn ∈ CMr×1 is the received signal denoted
by

yn
= Hnsn + nn

=

Mu
∑

i=1

hn
li

sr x
(k )

i
+ nn

(4)

where hn
li

is the column vector of the channel matrix Hn ∈ CMr×Mt and nn ∈

C
Mr×1 is the AWGN vector, whose entries are i.i.d with distribution CN (0, 1)

and CN (0, σ2
n ) respectively. The optimal detector is given by

[L̂t, x̂
(k )

i
] = arg min

∀x
(k )

i
∈G,∀L

yn −

Mu
∑

i=1

yrli x
(k )

i
2
F

= arg min
∀x

(k )

i
∈G,∀Lt ∈L

yn −Yr
Lt

x̃(k )2
F

(5)

where L̂t = [l1, l2, . . . , lMu
], and it belongs to the TAC set given by L̂t ∈ L, and

x̃(k ) ∈ CMu×1 contains the non-zero entries of x(k ). This TAC set consists of

{L1,L2, . . . Lt, . . . LN }, such that N = 2

⌊

log2

(

Mt

Mu

)

⌋

is the total number of valid
antenna combinations used for actual transmission and x

(k )

i
is the amplitude

and phase modulated symbol from the symbol map G.

2.3 Mathematical preliminaries

The mathematical background required for understanding the geometric
approximation is introduced in this section.

1. The SVD of A = UΣVH , where A ∈ Cm×n , and the left and right singular
vectors are given in the columns of U and V respectively. The diagonal
matrix Σ contains the singular values σr arranged in the decreasing order
of their magnitude as σ1 ≥ σ2 ≥ . . . σr, ≥ . . . σp , where p = min {m, n}.
The right singular vectors corresponding to the above given singular
values are ordered as v1, v2, . . . , vr . . . vp [38].

2. The positive definite matrix P = {AHA}−1 < 0 can also be written using
the singular vectors of V as

P = VΣ−2VH (6)

If x ∈ Cn×1 is a variable, then

f (x) = (x − x0)P(x − x0)H ≤ a2 (7)
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is the equation of a hyperellipsoid whose semi-axes is given by the set
{vr }, a ∈ R and x0 ∈ C

n×1 is the centre of the hyperellipsoid [39].
3. The condition number of A is now given by Ch =

σp

σ1
≥ 1, which indicates

the spread or the stretch of the hyperellipsoid formed using the positive
definite matrix A. If Ch >> 1, and if n = 2 then the hyperellipsoid shall
be an ellipse in the Euclidean geometry and it shall have the form given
in Figure 2.

x0

(0, 0)

Major axis

Minor axis

Fig. 2: Ellipse skewed in the direction of the major axis

4. In the context of a complex received signal transmitted across a fading
channel in the presence of AWGN, the probability density function (pdf)
of the signal is given by the contours shown in Figure 3, after applying the
ℓ2-norm minimization to find the optimal solution. The signal of interest
now lies along a specific region and a limited search is only required. A

-3 -2 -1 0 1 2 3
-3

-2

-1

0

1

2

3

C
h
 = 5

(a) ’Bad’ channel, with condition number of
Ch = 5

-3 -2 -1 0 1 2 3

-3

-2

-1

0

1

2

3

Ch =1.2

(b) ’Good’ channel with condition number
of Ch = 1.2

Fig. 3: The pdf of the received QPSK signals after zero forcing equalization
in a Rayleigh fading channel with AWGN

well conditioned wireless channel with Ch → 1, has HHH ≈ IMt
, which
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shows that the entries of the channel matrix are uncorrelated, and thus
independent fading is guaranteed in the individual channel paths from
the transmitter to the receiver.

5. We can write the equation of the line parallel to the major axis of the
(hyper) ellipsoid as

S1 = {x|x = x0 + tvp } (8)

where t ∈ C and the line is offset from the origin by x0.

3 Proposed detection technique

In this section, the different steps involved in the design of the low complexity
detector and the techniques required to implement the two-stage detection
process are described.

3.1 Proposed TAC detection method

The first stage of the low complexity detector involves finding the activated
TAC from the received information carrying normal signal using the proposed
Algorithm 1, where a candidate list of TAC is formed based on the relation
between the different members of the normalized reference signal combina-
tion (RSC) map. Since both the transmission schemes involve multiple active
antennas during transmission, any two distinct symbols still have a maximum
of Mu − 1 antennas in common. To estimate the transmitted TAC, the rela-
tion between the received normal signal yn with all the members of the RSC
map is found. The inner product of yn with an incorrect RSC member shall
produce a maximum of Mu − 1 correlated terms. Thus to estimate the trans-
mitted TAC from the correlated terms, it is necessary to create a candidate
list of TAC, based on the inner product operation. The condition to include a
TAC in the candidate list is decided based on the relation between two distinct
RSC. The threshold which decides the candidates in the TAC list is computed
by finding the maximum inner product value between the different members
of the received reference symbol map where Yr

Lp
∈ CMr×1 is a RSC member

having a distinct TAC but Mu −1 common active antennas in comparison with
another member Yr

Ll
∈ CMr×1. The relation between two distinct RSC mem-

bers is computed by E

[

|

(

Yr
Lp

)H

Yr
Ll
|

]

where the reference symbol member

Y r
Lp

and Y r
Ll

contains the combinations of the columns of the reference symbol

block Yr
= Hr sr + Nr given in (2). The relation between the RSC members

Yr
Lp
= (

∑Mu

i=1 yrpi
) and Yr

Ll
= (

∑Mu

j=1 yr
l j

) also denotes the number of common

active antennas between the members. It is given by

max

[

|
(

Y r
Lp

)H
Y r
Ll
|

]

= Mu − 1

min

[

|
(

Y r
Lp

)H
Y r
Ll
|

]

= 0
(9)
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The relation between the individual constituents of Yr
Lp

and Yr
Ll

is given by

E

[

|
(

yrpi

)H
yrl j |

]

= E
[

|yrqm
|2
]

≈ 1, ifpi = l j = qm

= E

[

|
(

yrpi

)H
yrl j |

]

≈ 0, ifpi , l j

(10)

The value obtained from (9) and (10) is used to fix the tolerance value as
tol =

Mu−1
Mu

= 1 − 1
Mu

to create the TAC candidate list, where the maximum
value of Mu in the denominator stands for the cardinality value of the RSC
member. Each entry of the TAC mapping in Table 1 corresponds to a unique
RSC and hence a one-to-one mapping exists between them.

Algorithm 1 Low complexity algorithm to find the transmit antenna
combination

1: Init: RSC map, → Ȳmap =

[

Yr
1 . . .Y

r
N

]

, tol → Tolerance value to select
the RSC candidates.

2: Input: yn and Ȳmap the present received signal and reference symbol map
in normalized form.

3: ycorr = |Ȳ
H
map ∗ ȳn |

4: [ymax

corr
, i] = max(ycorr)

5: ycorr (i) = 0
6: while j ≤ N do

7: if ymax

corr
− tol ≤ ycorr ( j) then

8: Include Aj in LC , the TAC candidate set
9: ycorr ( j) = 0

10: end if

11: j = j + 1
12: end while

13: Output: TAC candidate list LC = {A1 . . . AC }. [uc, σc, vc ] =

partial SV D
(

(

Yr
c

)H
∗Yr

c

)

3.2 Geometric approximation of the received signal

Geometric approximation for MIMO system [10] is applicable for coherent
transmission schemes with constellations having "line-structured" decision
regions, such as pulse amplitude modulation (PAM) and square constella-
tions such as 4-QAM, 16-QAM etc. For the D-GSM schemes [28], the optimal
detector given in Eq. (5) can be expressed in the form of hyperellipsoids [40], as

f (~x) = (x(k ) − yz f )H
(

Yr
L

)H (

Yr
L

)

(x(k ) − yz f )

= (x(k ) − yz f )HVΣ2VH (x(k ) − yz f )
(11)
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where Yr
L
∈ CMr×Mu corresponds to the RSC and yz f = ~x0 =

(

Yr
L

)†
yn is the

zero-forced received signal. The second part of Eq. (11) is written based on
the SVD of Yr

L
= UΣVH , and using the singular vectors and values. Thus

the postive definite matrix is expressed as
(

(

Yr
L

)H (

Yr
L

)

)

= VΣ2VH . Now, the

auto-correlation of the zero-forced noise nz f =

(

Yr
L

)†
nn is given by,

Rnz f
= σ

2
n

(

(

Yr
L

)H (

Yr
L

)

)−1

= σ
2
nVΣ

−2VH (12)

The real singular values given in Σ is ordered as λ1 ≥ λ2 ≥ . . . ≥ λMu
and

the singular vectors corresponding to these values are given by v1, v2, . . . vMu
.

The received signal is influenced by the dominant vector of nz f , given by
vMu

as inferred from the auto-correlation of (12). Now to find the trans-
mitted signal, the search space is limited to the vicinity of vMu

and the
vector parallel to it is expressed as S1 = {~x|~x = ~x0 + t~vMu

} and in general as,
SK = {~x|~x = ~x0 + VK t}, where SK intersects the boundary of a few lattice
points out of the entire constellation. The above argument holds true, if the
condition number, Ch =

λ1

λMu
>> 1. In general, the condition number has the

value given by Ch > 10, and 15 for 32% and 15% of the time the channel is
used [10]. The transmitted symbol lies in the vicinity of SK , as shown in Fig.
3a. Without loss of generality, the complex signal models can be rewritten in
real form using suitable transformation of the matrices. The notations R(.)

and I(.) denotes the real and imaginary part of the complex column matrix
or matrix and the subscript r denotes the converted real-form representation
of the matrix as shown below.

x→ xr =

[

ℜ{x}

ℑ{x}

]

, M→Mr =

[

ℜ{M} −ℑ{M}

ℑ{M} ℜ{M}

]

Now the point of intersection of S1 with the lattice boundaries is found using
the below steps:-

1 Dominant direction, S1 = {~x| ~xr = x0r +Vr1tr }

2 B = {B1, B2, . . . , BMdb
} are the decision boundaries of the constellation.

3 Point of intersection of S1 and B is given by tn, j = Vr1
† ∗ {Br j − x0r }.

4 Sorting the points of intersection tn, j such that tn, j → t (ir ), in the order
of their distance from the centre ~x0 is as given by |t (1r ) | ≤ |t (2r ) | ≤ · · · ≤

|t (Mu×Mdb )r |.
The constellations near to the above lattice intersections are iteratively checked
for their optimality in (11) using Algorithm 2 and the best symbol is chosen.

4 Computational Complexity analysis

We have used the total number of complex floating point operations (flops)
to quantify the computational complexity of the proposed detectors with the
existing ML detectors. Here flops account for the number of complex multi-
plications and additions required for the detection process. A few steps of the
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Algorithm 2 Geometric approach for finding the M-QAM symbol

1: Input: Reduced list of singular vectors and singular values VC = {Vr1 . . .VrC },
ΣC = {σ1 . . . σC }. x0r , is the zero forced received signal. Mdb → No. of
constellation boundaries. ǫ = 0.1

2: for i = 1 to C do

3: Find points of intersection corresponding to t1r : x
±
1r = x0r + (1 ± ǫ )Vr it1r

4: x̃
±
1r = quantiz

(

x
±
1r

)

QM
, to quantize to nearest symbol.

5: x̂S = arg min{ f
(

x̃+1

)

, f
(

x̃−1

)

}

6: d2
= min{ f

(

x̃+1

)

, f
(

x̃−1

)

}, Set j = 2

7: while t jr ≤ σl d
2 or j ≤ Mdb ∗ Mu do

8: x
+

jr
= x0r + (1 + ǫ )Vr it jr

9: x̃
+

jr
= quantiz

(

x
+

jr

)

QM

10: if f

(

x̃+
j

)

≤ d2 then

11: d2
= f

(

x̃+
j

)

12: x̂S = x̃+
j

13: end if

14: j = j + 1
15: end while

16: end for

proposed detection process is common for both the schemes and they are com-
puted once during the start of every frame, whereas other computations are
performed for each of the K symbols separately. The computations are: (i) the
flops corresponding to the partial SVD operation as well as the pseudo-inverse

operation [38] of
(

Yr
L

)†
, is given by Nsvd = N

(

13Mu
3
+ 2Mr Mu

2
+ 2Mr

2Mu

)

,

which is computed once and used throughout a frame (ii) The flops invoved
in the computation of the intersection points with the lattice boundaries is
given by 3K MdbMu . (iii) The correlation operation with the received signal
in Algorithm 1, to find the TAC candidate list requires a total of 2K Mt Mr

flops. (iv) When the iterative search operation in Algorithm 2 yields a selected
few candidates of x̃±

jr
given in step 8, the total associated flops is given by

K NpD
avg

int
(2Mu +Mr ). Here N is the is the total number of valid antenna com-

binations defined in Section 2.2, K is the total number of data symbols in
a frame. D

avg

int
refers to the average number of intersections of the singular

vector with the constellation boundaries and the possible number of intersec-
tions with the given constellation lies in the range Dint ∈ [1,Mu (M − 2) + 1]
for 4-QAM and Dint ∈ [1,Mu (M − 10) + 1] for 16-QAM. D

avg

int
is found to be

3 and 7 for the 4-QAM and 16-QAM constellations using Mu = 2 antennas.
Np = C is the average number of TACs in the candidate list and Mdb refers
to the number of decision boundaries for the given constellation such that
Mdb = 2, 6 for 4-QAM and 16-QAM respectively. The operations related to the
steps (ii), (iii) and (iv) which are required to find the TAC candidate list and
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the intersection points corresponding to a single symbol is combined as given
by Ntac_intr = 3K MdbMu + K NpD

avg

int
(2Mu + Mr ) + 2K N Mr . The rest of the

operations are specific to the proposed detector for D-GSM which is given by
M N Mr (2Mu−1), and it corresponds to all the possible combinations of the RSC
with the constellation symbol given by

∑Mu

i=1 yr
li

x̂
(k )

i
in (5). The computations

required for the proposed detector is given below along with the computations
required for the ML detector corresponding to the D-GSM scheme.

Cml = M N (2Mr Mu − Mr + K (3Mr − 1)) (13)

Cproposed = Nsvd + Ntac_intr + M N Mr (2Mu − 1) (14)

where the flops for the K symbols in a frame is also accounted for. In Fig. 4, the
computations required for various system configurations of the D-GSM scheme
are given for Mu = 2. We can observe a 30 to 80% reduction in complexity
compared to the optimal detector, as the order of the system increases. The
reduction in complexity is computed with respect to the ML scheme as given
by,

%Reduction =
100 ×

(

Cml − Cproposed

)

Cml

(15)

Fig. 4: Complexity of the ML detectors for D-GSM scheme along with the
proposed detector for different Mt × Mr configurations

The complexity calculations of the proposed detector for D-MGSM includes
steps (i), (ii), (iii) and (iv) as given above. These are the flops required for the
SVD calculations and for finding the points of intersection of the dominant
vector with the constellation boundaries. In addition to the above, D-MGSM
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detector requires 2Mu M N Mr (2Mu − 1) flops as well, for the yr
li

x̂ (k ) operation
which is performed Mu times and stored at the start of every frame. The
associated flops are given by

Cml = 2Mu M N (2Mr Mu − Mr + K (3Mr − 1)) (16)

Cproposed = Nsvd + Ntac_intr + 2Mu M N Mr (2Mu − 1) (17)

The comparison of the complexities of the detectors for the D-MGSM scheme
is presented in Fig. 5, where we can observe that the proposed detector has a
complexity reduction of more than 80%, when compared to the ML detectors
for various system configurations. The above results substantiate the assump-
tion that the detection complexity can be brought down if the search is limited
to the vicinity of the dominant eigenvector of the channel matrix, unlike the
brute-force approach in conventional ML-based detectors, where the complete
symbol map is searched to find the optimal symbol.

Fig. 5: Complexity of the ML detectors for the D-MGSM scheme along with
the proposed detector for different Mt × Mr configurations

5 Simulation Studies and Discussion

In this section, we shall compare the error performance of the proposed detec-
tors with the optimal detectors of the D-GSM and D-MGSM schemes [28].
The results are obtained through Monte-Carlo simulations in a block fading
Rayleigh channel. For all the investigated cases the average symbol SNR per
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Fig. 6: Comparison of BER of the D-GSM scheme using the different detectors
in a Rayleigh fading channel

Table 2: Simulation Parameters

Channel Rayleigh fading
Modulation (M) 4, 16, MQAM
Number of transmit antennas (Mt ) 4, 5, 7
Number of receive antennas (Mr ) 4
Information symbols per frame (K) 100

receive antenna is varied as one of the parameter. Fig. 6 shows that the BER
performance of the proposed detector has a marginal penalty of only 1 dB
compared with the ML detector for Mt = 4, 5. Since square constellations are
only considered, the modulation order is chosen as M = 4, 16. In Fig. 7, the
ML detector for the D-MGSM scheme has a gain of 0.8 dB alone with the pro-
posed detector for the antenna configurations of Mt = 4, 5 having a SE of 6 and
7 bpcu. The asymptotic upper bound of the error performance of the optimal
detectors is derived in [28] using the moment generating function approach.
The comparison of the optimal detector and its upper bound with the pro-
posed detectors of D-GSM and D-MGSM in Fig. 6 and 7 demonstrates the
latter having a negligible penalty in error performance. The detectors are also
compared at a higher SE of 6, 9 and 10 bpcu in Fig. 8 using Mt = 7 trans-
mit antennas using a higher modulation order of M = 16. Here the proposed
detectors maintain a notable error performance in comparison with the ML
detectors.

In general for both the schemes, the performance of the proposed detector
is close to the optimal detector for different antenna configurations and close
to the upper bound of the error probability from the mid-SNR region onwards
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Fig. 7: Comparison of BER of the D-MGSM scheme using the different
detectors in a Rayleigh fading channel by varying the antenna order

and for the BER of 10−2 or lesser. When a massive antenna configuration is
used, the search space in the dominant direction have to expand to either the
two-dimensional or the three-dimensional space to achieve a good detection
performance. Nevertheless, the proposed low complexity detection schemes are
an alternative for the computationally intensive optimal detectors as seen from
their marginal penalty in BER.

6 Conclusion

In this paper, we have proposed low complexity detectors for D-GSM and
D-MGSM based on the correlation approach to find the TAC candidate list.
The constellation symbol is found using the geometrical approximation of
the received signal. Even though the proposed detectors have a negligible
penalty in error performance when compared with the optimal detectors,
their computational complexity is significantly lower than that of the opti-
mal detectors. For a wide range of SE, the proposed detectors are suitable,
when the optimal detectors become computationally prohibitive. In general,
the proposed detectors favour devices having power and processing limitations
without compromising on the error performance by utilizing the inherent chan-
nel characteristics, which skew the received signal in a specific direction. These
detectors are very relevant in next-generation communication devices with the
rising demand for cost-effectiveness and power efficiency towards the goal of
green communication systems.
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Fig. 8: Comparison of the error performance of the detectors for higher
spectral efficiency using various Mt × Mr configurations
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