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Rectangular Differential Spatial Modulation
for Open-Loop Noncoherent
Massive-MIMO Downlink

Naoki Ishikawa, Student Member, IEEE, and Shinya Sugiura, Senior Member, IEEE

Abstract— In this paper, a novel differential space-time coding
scheme is conceived for open-loop noncoherent multiple-input
multiple-output (MIMO) downlink scenarios, where the trans-
mission rate increases logarithmically in a scalable manner upon
increasing the number of transmit antennas. More specifically,
the proposed scheme relies on the projection of a differentially
encoded square matrix to its rectangular counterpart and so
is capable of reducing the number of symbol intervals needed
for block transmission. This is especially beneficial for massive
MIMO scenarios, in which the number of transmit antennas
is very high. Another advantage exclusive to the presented
scheme is that no channel state information (CSI) is required
at either the transmitter or the receiver, which eliminates pilot
overhead, CSI estimation, CSI feedback, and time-division duplex
reciprocity. Furthermore, the rectangular transmission matrix of
the proposed scheme contains only a single non-zero element per
column, and hence, the transmitter may rely on only a single
RF chain, similar to the conventional coherent spatial modulation
scheme.

Index Terms— differential modulation, differential space-time
codes, massive MIMO, noncoherent detection, spatial
modulation.

I. INTRODUCTION

Massive multiple-input multiple-output (MIMO) [1]–[4] is
a promising technique that can significantly increase both
spectral and energy efficiencies in multiuser scenarios and is
achieved with the aid of a large-scale antenna array equipped
at a base station (BS). For example, in the conjugate beam-
forming (BF) massive MIMO downlink [1], each user receives
near-interference-free symbol streams without the need for
any complicated detection. As a result, the sum rate increases
in a scalable manner with the number of transmit antennas.
This advantage is achieved under the assumption that the
channel state information (CSI) associated with all of the
links is available at the base station. The use of time-division
duplex (TDD) reciprocity is typically assumed for closed-loop
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massive MIMO systems. Furthermore, the simultaneous use
of a high number of pilot symbols may cause severe pilot-
contamination.

An alternative highly-scalable MIMO technique is spatial
modulation (SM) [5]–[9], where additional information is
modulated by activating one of multiple transmit antenna
elements, and the transmission rate increases upon increas-
ing the number of transmit antennas. Another merit of the
SM scheme is that the transmitter activates only a single
antenna element per time slot, and so needs only a single
radio frequency (RF) chain. Unlike the conjugate-BF massive
MIMO counterpart [1]–[4], the SM scheme operates in an
open-loop manner, where CSI at the transmitter (CSIT) is
not needed. However, the SM receiver has to estimate the
CSI associated with all of the links, which may also require
high pilot overhead in the single-user massive-MIMO scenario.
Irrespective of the above-mentioned closed-loop conjugate-BF
massive MIMO system [1]–[4] or the open-loop SM [5]–[7]
counterpart, the overhead required for attaining CSI becomes
significantly high, especially in a fast fading scenario, since
the CSI must be updated more frequently than the channel
coherence time.

A number of differential space-time coding (DSTC)
schemes [10]–[19] have been developed in order to eliminate
the above-mentioned limitations imposed on CSI estimation at
the receiver while maintaining the gain of the MIMO system.
The differential detection available at the receiver eliminates
any pilot overhead as well as the CSI-estimation-error induced
performance degradation, which is typically imposed on the
coherent counterpart. However, conventional DSTC schemes
have focused primarily on achieving the transmit diversity
gain, rather than on increasing the transmission rate. More
specifically, in conventional DSTC schemes, (M × M)–sized
square unitary space-time matrices are generated according to
the differential space-time encoding process. The number of
symbol intervals in each transmission block is the same as the
number of transmit antennas M . For this reason, conventional
square DSTC schemes are unable to scale up MIMO in terms
of the transmission rate. In the present study, we focus on the
massive-MIMO downlink scenario.

Against this background, the novel contribution of the
present study is the conception of a novel high-rate DSTC
scheme, referred to as a rectangular differential SM (RDSM)
scheme, for open-loop massive MIMO systems, which has rate
scalability with respect to the number of transmit antennas.
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More specifically, in the proposed RDSM scheme, (M × M)–
sized square matrices are generated according to the dif-
ferential encoding process, which is similar to the conven-
tional DSTC scheme. Then, the differentially-encoded square
matrix is projected to an (M × 1)–sized rectangular matrix,
which is transmitted from the M transmit antennas over a
single symbol interval, thereby increasing the transmission
rate by a factor of M as compared to the classic DSTC
scheme. Thus, the proposed RDSM scheme simultaneously
realizes the following beneficial characteristics for massive
MIMO downlink:

• High Transmission Rate Scalable for Massive MIMO:
Unlike conventional DSTC schemes, the proposed
scheme is capable of maintaining a low number of symbol
intervals per transmission block, which can be reduced to
as low as T = 1, in contrast to the classic square DSTC,
which requires T ≥ M symbol intervals. This rectan-
gular transmission matrix structure of the RDSM scheme
allows us to logarithmically increase the transmission rate
by increasing the number of transmit antennas. In this
sense, the proposed RDSM scheme is the first antenna-
scalable differential MIMO.

• Open-Loop Massive MIMO: The proposed RDSM
scheme does not rely on the use of CSIT, whereas its
conjugate-BF massive MIMO transmitter does. Hence,
the constraint of the TDD reciprocity, imposed on the
conjugate BF scheme, is eliminated in the proposed
scheme. Furthermore, since the transmitter of the pro-
posed scheme does not have to wait to gather CSIT before
transmission, the packet delay becomes lower than for
the conjugate-BF counterpart. Moreover, owing to the
absence of the effects of CSIT estimation errors, the
base station of the proposed scheme can maintain robust
connections with fast-moving vehicles.

• Noncoherent Detection: In the proposed RDSM scheme,
noncoherent detection is carried out at the receiver, which
is similar to classic DSTC schemes, implying that the
receiver does not estimate CSI. Naturally, the transmit-
ter eliminates any pilot overhead. Considering that the
complexity and overhead required for CSI estimation
linearly increases with the number of transmit antennas,
the advantages of this noncoherent detection as well as
the above-mentioned open-loop operation are explicit in
the massive MIMO scenario.

• Flexible Rate-Diversity Tradeoff: By generalizing the
RDSM scheme to that supporting an arbitrary symbol
intervals per block, the proposed scheme is capable of
striking a further flexible design tradeoff between the
transmission rate and the transmit diversity gain. As a
result, the generalized RDSM scheme subsumes several
conventional DSTC schemes.

• Single-RF Transmitter: The rectangular differentially
encoded transmission matrices are designed to contain
only a single non-zero element in each column, and hence
the transmitter may only require a single RF chain in
a narrowband scenario, similar to the coherent [5]–[7]
and noncoherent SM schemes [15]–[19]. This allows for
a low-cost, high-energy-efficiency transmitter structure,

which is especially beneficial for the massive MIMO
transmitter.1

In contrast to the above-mentioned advantages, a potential
disadvantage of the proposed non-square DSTC scheme over
conventional square DSTC schemes is the error propagation
effects induced in the differential decoding process at the
receiver. However, the comprehensive performance results
obtained herein demonstrate that the above-mentioned advan-
tages of the proposed scheme remain unchanged, even when
taking into account the detrimental effects induced by the error
propagation.

The remainder of the present paper is organized as follows.
A review of related research is presented in Section II.
Section III introduces the system model of the proposed
scheme, and Section IV presents the design guidelines of
the system model. In Sections V and VI, we compare the
achievable performances of the proposed scheme and other
conventional schemes, in terms of complexity and BER per-
formance, respectively. Finally, the present paper is concluded
in Section VII.

II. RELATED RESEARCH

In this section, we review four conventional MIMO
schemes, i.e., the classic square DSTC scheme [10], the con-
ventional differential SM (DSM) scheme [17], [19], the semi-
blind joint channel estimation (CE) and data detection (DD)
scheme [22], and the closed-loop conjugate BF scheme [1],
each of which has its own advantages, when operating in
a massive MIMO system. These four schemes are used as
benchmarks in the performance comparisons of Section VI.

A. Classic DSTC

In the classic square DSTC scheme [10], B information
bits are modulated onto an (M × M)–sized unitary symbol
matrix X(i) ∈ CM×M , which is then differentially encoded as
follows:

S(i) = S(i − 1)X(i) ∈ C
M×M , (1)

where i is the block index, and S(i) is the differentially
encoded transmission matrix, which is transmitted from M
transmit antennas over M symbol intervals. Note that the
initial transmission matrix S(1) is typically set to the identity
matrix IM ∈ RM×M . In the DSTC scheme, the 2B uni-
tary symbol matrices X j ( j = 1, · · · , 2B) are assigned
at the transmitter in advance of the transmissions. Note
that the 2B legitimate unitary matrices X(i) are constructed
based on several concepts, such as differentially encoded
orthogonal space-time block coding [11], column-orthogonal
coding [10], Cayley unitary coding [14], [15], and the DSM
scheme [17], [18], [23].

1As mentioned in [20], the advantage of the single-RF SM transmitter
structure is achieved only when using single-carrier transmissions rather
than multicarrier transmissions. The same limitation is imposed on the
RDSM scheme. Furthermore, similar to other differential MIMO schemes,
the proposed RDSM scheme may not operate in a channel having a delay
tap. This implies that, in the proposed RDSM scheme, the advantage of the
single-RF transmitter is attained in a narrowband scenario. Naturally, all of
these limitations may be eliminated by using the full-RF transmitter.
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The normalized transmission rate of the conventional DSTC
scheme is given by

RDSTC = B/M. (2)

In order to maintain a specific transmission rate RDSTC
while linearly increasing the number of transmission anten-
nas M , the number of legitimate unitary symbol matrices
must be increased exponentially. This makes configuring a
DSTC-based massive-MIMO system a challenging task.

Furthermore, denoting the i th received signal block as Y(i),
we obtain the optimal maximum likelihood (ML) detection for
the square DSTC scheme as follows: [24]

X̂(i) = arg min
X j

∥
∥Y(i) − Y(i − 1) · X j

∥
∥2

F . (3)

Note that the ML detection of (3) suffers from a well-known
noise-doubling effect, in comparison to its coherently detected
counterpart.

B. Conventional Square DSM [17], [19]

The DSM [17], [19], [25]–[28] is obtained by the recently
proposed square unitary DSTC scheme, where each column
of the unitary symbol matrices X j ( j = 1, · · · , 2B) includes
a single non-zero coefficient that has a unit absolute value.
Hence, the differentially encoded transmission matrices S(i)
also have the same matrix structure. This implies that only
a single transmit antenna element is activated in each sym-
bol duration at the transmitter. More specifically, Q unitary
dispersion matrices (DMs) Aq (q = 1, · · · , Q) ∈ CM×M ,
having a single non-zero element that has a unit absolute value
in each row and in each column, are assigned to the DSM
transmitter in advance of transmissions. In each block index i ,
a square unitary matrix is generated based on B information
bits as follows: X(i) = diag [s(i)] A(i), where s(i) ∈ CM are
the M symbols, which are modulated onto the L-point APSK
constellations, and A(i) is an activated DM out of the Q DMs.
Furthermore, diag[·] represents the diagonalization operation.
Here, we have the relationship B = log2 Q + M log2 L.2

Since the DSM scheme is a unitary square DSTC scheme,
the normalized transmission rate of the DSM scheme is given
by (2). This implies that the square DSM scheme also suffers
from the above-mentioned limitation of DSTC schemes.

C. Semi-Blind Joint CE and DD [22], [30]

In [30], the semi-blind CE and DD schemes were developed
for MIMO systems, where a short training block is transmitted
before the transmissions of data symbols. The training block
is used to provide a rough initial CE, and the data symbols
are detected with the aid of the estimated channels. The
detected data symbols are used to refine the CE. Here, since the
number of data symbols is typically greater than the number
of pilot symbols, more accurate channel estimates tend to
be attainable. By iteratively carrying out CE and DD, near-
perfect channel state information (near-PCSI) performance

2Optionally, the number of symbols in s(i) may be selected in the range
of 1 ≤ P ≤ M, in order to strike the rate-diversity tradeoff [17], [29]. The
relationship P = M maximizes the transmission rate of the DSM scheme.
For details, refer to [17]

is achievable. Hence, the semi-blind CE and DD scheme is
used to achieve PCSI performance while minimizing the pilot
overhead. This is beneficial for reducing the overhead of the
massive MIMO scenario at the cost of increased complexity
due to the iterative CE and DD process. Both the DSTC
scheme and the semi-blind CE and DD scheme minimize the
reference (pilot) overhead per frame.

Recently, the joint CE and DD concept was used for the
SM scheme in [16], [22] to achieve a high transmission rate
and a low-cost transmitter. Note that, since the channels are
assumed to remain constant over the data block in [16], [22],
modifications are needed for tracking the time-varying chan-
nels in the rapidly fading environment.

D. Conjugate BF [1]

The conjugate BF [1] is a pioneering massive MIMO
scheme that was designed for the closed-loop multiuser down-
link, where the BS, equipped with a large number of antenna
elements, transmits the multiplexed symbol streams to multiple
receivers. The symbol streams are simply precoded by the
conjugate of the channel matrix, which results in the focus-
ing of each symbol stream on each user. More specifically,
upon increasing the number of transmit antennas, multiuser
interference diminishes, and hence near-capacity performance
is achievable. This allows relaying to be performed with
simple low-complexity noncoherent detection at each user.
Furthermore, since PCSI of all the links is assumed to be
available at the BS, the TDD constraint is typically imposed
on the conjugate BF scheme.

The fundamental characteristics of the four above-
mentioned MIMO schemes, the coherent SM scheme [5], [6],
and the single-antenna differential scheme modulated by star
quadrature amplitude modulation (QAM) [21] are summarized
in Table I.3

III. PROPOSED RECTANGULAR DSM

In this section, we introduce the system model of the
proposed RDSM scheme, in which the number of symbol
intervals per transmission block is T = 1. Then, we extend
the RDSM scheme to support the generalized scenario with an
arbitrary number of symbol intervals per block in the range of
1 ≤ T ≤ M . Finally, we introduce a suboptimal noncoherent
detector for the proposed scheme.

A. Proposed RDSM (T = 1)

Fig. 1(a) shows a schematic diagram of the proposed RDSM
transmitter, where the number of symbol intervals per block is
T = 1. Let us consider that each RDSM frame has W symbols,
consisting of M-length reference blocks and (W − M)-length
data blocks. At the data transmission block index i (> M), B-
length information bits b(i) ∈ Z

B are serial-to-parallel (S/P)
converted into B1 and B2 bits. The first B1 bits b1(i) ∈ ZB1 are
modulated by selecting a single dispersion vector (DV) a(i) ∈
CM out of Q DVs aq (q = 1, · · · , Q) ∈ CM , where each

3The detail of the computational complexity listed in Table I is provided in
Section V, where N is the number or receive antennas, and J is the number
of iterations used in the semi-blind CE and DD scheme.
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TABLE I

FUNDAMENTAL CHARACTERISTICS OF THE PROPOSED SCHEME, CONVENTIONAL DIFFERENTIAL SCHEMES, AND THE CONJUGATE BF SCHEME

Fig. 1. System model of (a) the proposed RDSM transmitter and (c) the
RDSM receiver, and (b) an example of the RDSM encoding process with
M = 4 antennas and T = 1 symbol per block.

DV is designed to have a single non-zero element that has a
unit absolute value. Based on the B2 information b2(i) ∈ ZB2 ,
bits are modulated onto an L–PSK symbol s(i) ∈ C. Then,
a symbol vector x(i) ∈ C

M is calculated by

x(i) = s(i)a(i) (i > M). (4)

Finally, the transmission vector s(i) ∈ CM is differentially
encoded as follows:

s(i) = G [s (i − 1)] x(i) (i > M), (5)

where G[α] is the function that transforms a vector α ∈ C
M

to a unitary matrix, which is defined by

G[α] =
[

α Eα E2α · · · EM−1α
]

∈ C
M×M , (6)

assuming that in α there is only one non-zero element that has
a unit absolute value. Furthermore, E is the lower shift matrix
defined by

E =

⎡

⎢
⎢
⎢
⎢
⎢
⎣

0 0 · · · 0 1
1 0 · · · 0 0
0 1 · · · 0 0
...

...
. . .

...
...

0 0 · · · 1 0

⎤

⎥
⎥
⎥
⎥
⎥
⎦

∈ Z
M×M . (7)

Note that the inverse operation of G is given by

G−1 [G[α]] = G[α] [1 0 · · · 0]T = α. (8)

In the differential encoding of (5), the vector s(i − 1) is
transformed to an (M × M)–sized unitary matrix G[s(i − 1)].
Hence, at the transmitter, the differentially encoded transmis-
sion vector s(i) is transmitted from M transmit antennas over
a single symbol duration.

As mentioned above, in each RDSM frame, M reference
symbols s(i) (i = 1, · · · , M) must be transmitted before the
transmission of differentially encoded symbols s(i) (i > M)
of (5). More specifically, the i th reference symbols s(i) given
by the i th column of E, while having the corresponding
symbol vectors of x(i) = s(1) for i = 1, · · · , M .

In order to provide further insight, the differential encoding
process of (5) is rewritten as follows:

s(i) = G[s(i − 1)] · x(i)

= G[G[s(i − 2)] · x(i − 1)] · x(i)

= G[s(i − 2)] · G[x(i − 1)] · x(i)

= G[s(1)] · G[x(2)] · · ·G[x(i − 1)] · x(i)

= G[x(1)] · G[x(2)] · · ·G[x(i − 1)] · x(i) (9)

Furthermore, by considering x(i) = G−1[G[x(i)]] of (8),
we obtain

s(i) = G[x(1)] · · ·G[x(i − 1)] · G−1[G[x(i)]]
= G[x(1)] · · ·G[x(i − 1)] · G[x(i)] [1 0 · · · 0]T

= G−1[ G[x(1)] · · ·G[x(i)]
︸ ︷︷ ︸

unitary differential encoding

]. (10)

Interestingly, (10) clarifies the relationship between the pro-
posed RDSM scheme’s differential encoding process and that
of the conventional unitary DSTC scheme. More specifically,
as shown in (10), similar to the conventional unitary DSTC
scheme, square unitary differential encoding is also performed
in the proposed RDSM scheme. The only difference is that,
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in the RDSM scheme, the differentially encoded unitary
matrix, which is G[x(1)] · G[x(2)] · · ·G[x(i)] in (10), is
projected to an (M × 1)–sized rectangular matrix using G−1,
before its transmission. This projection operation allows us to
increase the transmission rate by a factor of T .

By ignoring the rate loss caused by the reference-block
insertion, the normalized transmission rate of the proposed
scheme is formulated as follows:

R = log2 Q + log2 L. (11)

Furthermore, the effective rate is given by Reff = (1 − η) · R,
where we have an overhead ratio of η = M/W . The proposed
RDSM scheme’s transmission rate of (11) does not include
the parameter M , and hence is free from the above-mentioned
limitation imposed on the conventional DSTC scheme’s
transmission rate.

As an illustrative example, Fig. 1(b) shows the encoding
process of the proposed scheme, employing BPSK modulation,
M = 4 transmit antennas, and Q = 4 DVs of a1 = [1 0 0 0]T,
a2 = [0 1 0 0]T, a3 = [0 0 1 0]T, and a4 = [0 0 0 1]T. Next,
we consider the b(i) = [1 0 0] bit sequence to be input at block
index i . Then, since we have the B1 = log2 M = 2 bits and
the B2 = log2 L = 1 bit, the input information bits [1 0 0] are
S/P converted to [1 0] and [0] bit sequences. Based on the first
[1 0] bits, the DV a2 = [0 1 0 0]T is selected, and, based on
the second [0] bit, the BPSK symbol s(i) = +1 is modulated.
Then, the symbol vector is calculated as x(i) = +1·a2. Finally,
the differentially encoded transmission vector s(i) is generated
as G[s(i − 1)] · x(i). Suppose that the previous transmission
vector is s(i −1) = [0 1 0 0]T, then the transmission vector at
the i th block is calculated as s(i) = G[s(i − 1)] · [0 1 0 0]T =
[0 0 1 0]T, which is transmitted from M = 4 antennas over
T = 1 symbol intervals per block.

B. Generalized RDSM (1 ≤ T ≤ M)

In this section, we generalize the RDSM scheme described
in Section III-A to support an arbitrary number of symbol
intervals per block T. More specifically, the G-RDSM scheme
is capable of striking a flexible balance between the trans-
mission rate and the diversity gain, while subsuming several
conventional DSTC schemes, such as the classic square DSTC
scheme (T = M), the conventional square DSM scheme
(T = M), and the RDSM scheme (T = 1) proposed
in Section III-A.

In the G-RDSM scheme, the DVs aq (q = 1, · · · , Q),
which are used in the RDSM scheme, are replaced by the DMs
Aq (q = 1, · · · , Q) ∈ CM×T , and so the number of symbols
per transmission block T is in the range of 1 ≤ T ≤ M .
By increasing the number of symbols per transmission block,
the transmit diversity gain increases, which is achieved at
the cost of the reduction in a transmission rate. The DMs
of the proposed G-RDSM scheme must satisfy the following
constraints:

• Only a single non-zero element that has a unit absolute
value is contained in each column of the DMs Aq

(q = 1, · · · , Q), and M/T is an integer value.

• Next, let us define the operation G′[•], which trans-
forms an (M × T )–sized rectangular matrix � ∈ CM×T

to a unitary matrix G′[�] ∈ CT ×T , by G′[�] =
[

� ET � E2T � · · · EM−T �
] ∈ CM×M . Note that the

G′[•] function becomes equivalent to the G[•] function
of (6) for the T = 1 scenario. The DMs are designed so
that the matrices G′[Aq ] (q = 1, · · · , Q) are unitary.

• Finally, the number of DMs Q is less than M!(M/T ), and
log2 Q is an integer value.4

In order to attain the best achievable performance in the
proposed G-RDSM scheme, the DMs have to be designed in
an appropriate manner. The design guideline of the DMs is
presented later in Section IV.

The differential encoding process of the G-RDSM scheme
is similar to that of the RDSM scheme, except that the
DMs, rather than the DVs, are used. Each G-RDSM frame
contains W/T transmission blocks S(i) (i = 1, · · · , W/T ) ∈
CM×T , which span over W symbol intervals. Furthermore, the
G-RDSM frame consists of the M/T reference blocks
S(i) (i = 1, · · · , M/T ) and the (W/T −M/T )-length symbol
blocks S(i) (i = M/T +1, · · · , W/T ), where W/T and M/T
are assumed to be integer values.

At the block index i (> M/T ), a rectangular symbol
matrix X(i) ∈ CM×T is generated based on B = B1 +
B2 = log2 Q + log2 L information bits as follows: X(i) =
s(i)A(i) (i > M/T ), where A(i) is the activated DM among
Aq (q = 1, · · · , Q) DMs based on the B1 bits, whereas s(i) ∈
sl (l = 1, · · · , L) is the L-point APSK symbol, modulated
according to the B2 bits. Finally, a transmission matrix S(i) is
differentially encoded by S(i) = G′[S(i −1)]X(i) (i > M/T ),
which is transmitted from the M transmit antennas over T
symbol intervals. Furthermore, the inverse operation G′−1[·]
is represented by

G′−1 [

G′[S(i)]] = G′[S(i)] [IT 0T · · · 0T ]T
︸ ︷︷ ︸

M rows

= S(i),

where 0T denotes a (T × T )–sized matrix having T 2 zeros.
The reference blocks S(i) (i = 1, · · · , M/T ) are given by

S(1) =

⎡

⎢
⎢
⎢
⎢
⎢
⎣

0T

IT

0T
...

0T

⎤

⎥
⎥
⎥
⎥
⎥
⎦

, S(2) =

⎡

⎢
⎢
⎢
⎢
⎢
⎣

0T

0T

IT
...

0T

⎤

⎥
⎥
⎥
⎥
⎥
⎦

, · · · , S(M/T ) =

⎡

⎢
⎢
⎢
⎢
⎢
⎣

IT

0T

0T
...

0T

⎤

⎥
⎥
⎥
⎥
⎥
⎦

.

(12)

which correspond to the symbol matrices of X(i) = S(1) for
i = 1, · · · , M/T .

Similar to the RDSM scheme, the effective transmission
rate of the G-RDSM scheme is represented as Reff = (1−η) ·
(log2 Q + log2 L)/T .

Note that the proposed G-RDSM scheme with T = M
is equivalent to the classic square DSM proposed in [17].
Furthermore, the G-RDSM scheme with T = 1 is equivalent
to the RDSM scheme described in Section III-A, and hence
we only consider the G-RDSM scheme in the remainder of

4n!(k) represents the multifactorial, which is defined as n!(k) = n · (n − k) ·
(n − 2k) · · · k.
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the present paper, instead of separately treating the RDSM
and G-RDSM schemes.

In order to provide further insight, the proposed G-RDSM
scheme may be viewed as the noncoherent version of the pre-
vious space-time shift keying (STSK) scheme [15], where the
size of the DMs is determined in a flexible manner.5 The DM
optimization algorithms in the literature [6], [15], [34], [35]
are readily applicable to the proposed G-RDSM scheme.

C. Channel Model

For the proposed G-RDSM receiver, the signals received
at the i th block are represented by Y(i) = H(i)S(i) +
V(i) ∈ CN×T , where V(i) are the additive white Gaussian
noise (AWGN) components, each of which follows a zero-
mean complex-valued Gaussian distribution of CN (0, σ 2

v ),
with a variance of σ 2

v . Furthermore, H(i) ∈ CN×M denotes
the complex-valued channel coefficients.

For the time-invariant quasi-static Rayleigh fading scenario,
the channel coefficients of H(i) are given by random vari-
ables, following the zero-mean unit-variance complex-valued
Gaussian distribution of CN (0, 1), which remain constant over
each G-RDSM frame, i.e., 1 ≤ i ≤ W/T .

For the scenario of time-varying Rayleigh fading channels,
the Jakes channel model [36], [37] is used to generate the
channel coefficients, where the nth row and the mth column
of the channel matrix H(i) is defined by H(i)(n,m) =

1√
Ns

∑Ns
n=1 cos

[

2π cos
(

ξ
(n,m)
n

)

Fd Tsi + ζ
(n,m)
n

]

+
j√
Ns

∑Ns
n=1 sin

[

2π cos
(

ξ
(n,m)
n

)

Fd Tsi + ζ̄
(n,m)
n

]

. Here,

ξ
(n,m)
n , ζ

(n,m)
n , and ζ̄

(n,m)
n are random variables that are

uniformly distributed in the range of [0, 2π). Furthermore,
Ns represents the number of scatters, while Fd denotes the
maximum Doppler frequency, and Ts is the symbol duration.

D. Suboptimal Noncoherent Detection

In the proposed G-RDSM receiver, B information bits
b(i) are detected by identifying the symbol matrix X(i) ∈
X j ( j = 1, · · · , 2B). More specifically, Fig. 1(c) shows the
proposed suboptimal detection algorithm, which is formulated
as follows:

X̂(i) = arg min
X j

∥
∥
∥Y(i) − Ŷ(i − 1) · X j

∥
∥
∥

2

F
(i > M/T ), (13)

where we have

Ŷ(i) = Ŷ(i − 1)G′ [X̂(i)
]

bdiag [αIT , IT , · · · , IT ]
︸ ︷︷ ︸

M/T

+ Y(i) [(1 − α)IT 0T · · · 0T ] (i ≥ 1), (14)

Moreover, the initial value of (14) is given by Ŷ(0) = 0.
Here, bdiag(·) represents the block diagonalization, and α ∈ R

(0 ≤ α ≤ 1) is a forgetting factor, which reduces the effects
of error propagation. For the block index of i = 1, · · · , M/T ,

5The SM schemes employing T ≥ 2 have been proposed in the litera-
ture [31]–[33]. Combining the proposed encoding and decoding process with
the conventional schemes [31]–[33] is left for future work.

which corresponds to the reference symbol transmissions,
α in (14) is set to zero.

The forgetting factor contributes to the mitigation of the
effects of error propagation, which is caused by the rapidly
changing channels as well as the detection error in the
previous blocks. More specifically, as shown in (14), Ŷ(i)
of (13) contains the (i − 1) previously estimated blocks
X̂(i − 1), · · · , X̂(1) and the (i − 1) previously received signal
blocks Y(i − 1), · · · , Y(1). Hence, the proposed suboptimal
detection may suffer from the effects of error propagation. The
design guideline of α is also provided later in Section IV. Note
that in the classic DSTC scheme, relying on the differential
encoding of square matrices, a symbol matrix X(i) is estimated
from only two successive received signal blocks, Y(i −1) and
Y(i), as shown in (3). Hence, unlike the proposed G-RDSM
scheme, the detection error in the previous detection block
does not affect the detection at the i th block.

IV. DESIGN GUIDELINES OF THE G-RDSM SYSTEM

In this section, we provide the design guidelines for the
system parameters (M, N, T, Q, L, α) and Aq (q = 1, · · · , Q)
in the proposed G-RDSM scheme. More specifically, the
proposed scheme is designed according to the following four
steps:

1) Determine the number of transmit antennas M and the
number of receive antennas N , based on the specifica-
tions of the BS and mobile terminals.

2) Based on the specific target rate R, determine the
constellation size L, the number of DMs Q ≤ M!(M/T ),
and the number of symbol intervals T per transmission
block, while considering the transmit diversity gain
required.

3) Optimize the DMs Aq (q = 1, · · · , Q) based on the
criterion employed, such as the rank- and determinant-
criterion (RDC) [24] and constrained capacity [35].

4) Based on the frame length W and the channel statistics,
determine α at the receiver.

In the remainder of this section, we describe in detail
Steps 3) and 4) presented in Sections IV-A and IV-B, respec-
tively. Furthermore, in Section IV-C, we also derive the closed-
form near-optimal value of α for the time-invariant channels.

A. DM Optimization

First, T non-zero positions in each DM Aq are
determined, while satisfying the constraint that G[Aq]
(i = 1, · · · , Q) must be unitary matrices. Under these con-
straints, the number of DMs Q cannot exceed M!(M/T ), as
mentioned in Section III-B. In order to determine the non-
zero positions of the Q DMs while satisfying the above-
mentioned constraints, we maximize the minimum Hamming
distance (MHD) between Aq and Aq ′ for 1 ≤ q < q ′ ≤ Q.

Next, the coefficients of the non-zero elements in the
DMs are designed based on the RDC criterion [24], which
maximizes the coding gain while maintaining a high diversity
order. The pairwise error probability is upper-bounded by [38]

P
(

X(i) → X′(i)
) ≤ 1

∏min(M,T )
i=1 μN

i

(
1

4σ 2
v

)−m′ N
, (15)
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Fig. 2. BER examples of the proposed scheme employing 40 rank-deficient
and full-rank DMs sets, where M = 6, N = 1, T = 3, and R = 3. The channel
coefficients follow quasi-static Rayleigh fading, and the pilot insertion ratio
η was set to 5%.

which corresponds to the scenario in which the receiver mis-
detects codeword X(i) as X′(i). Here, μi represents the i th
eigenvalue of D = (X(i) − X′(i))(X(i) − X′(i))H, and m′ is
the rank of matrix D. In (15), the rank m′ and the determinant
∏min(M,T )

m=1 μN
i correspond to the diversity order and the coding

gain, respectively. An exhaustive search is carried out to
determine the non-zero coefficients of the DMs by maximizing
the minimum determinant

∏min(M,T )
m=1 μN

i for the legitimate
DM pairs while attaining the full rank of m′ = T .6

Fig. 2 shows the BER curves of the proposed G-RDSM
systems having system parameters (M, N, T, Q, L) =
(6, 1, 3, 32, 16), where non-zero coefficients corresponding to
the 40 DM sets were randomly generated. The normalized
transmission rate for all the schemes was R = 3 bps/Hz. The
BER curve of the classic DSM scheme having Q = 64 DMs
is also shown as a benchmark. The red curve corresponds
to the G-RDSM scheme that exhibited the best performance.
As shown in Fig. 2, the full-rank DMs achieved a higher
diversity order than the rank-deficient DMs.

To elaborate a little further, let us exemplify the DM set
of the G-RDSM scheme having (M, T, Q, L) = (4, 2, 4, 4),
where we have the Q = 4 DMs of

A1 =

⎡

⎢
⎢
⎣

e j1.041π 0.000
0.000 e j1.571π

0.000 0.000
0.000 0.000

⎤

⎥
⎥
⎦

, A2 =

⎡

⎢
⎢
⎣

0.000 e j1.503π

e j1.609π 0.000
0.000 0.000
0.000 0.000

⎤

⎥
⎥
⎦

,

A3 =

⎡

⎢
⎢
⎣

0.000 0.000
0.000 0.000

e j0.633π 0.000
0.000 e j0.182π

⎤

⎥
⎥
⎦

, A4 =

⎡

⎢
⎢
⎣

0.000 0.000
0.000 0.000
0.000 e j1.304π

e j0.011π 0.000

⎤

⎥
⎥
⎦

,

which are searched based on the RDC criterion [24].

6Let us note that, practically, the non-zero coefficients in each DM may be
set to ones rather than complex values. This does not impart any significant
performance loss, especially for the high-M massive-MIMO scenario.

Fig. 3. Relationship between the MSE of Ŷ(W ) and α in the quasi-static and
time-varying Rayleigh fading channels, where we considered (T, L) = (1, 2),
and the pilot insertion ratio η was set to 5%.

B. Forgetting Factor Optimization

The forgetting factor is designed to minimize the mean-
square error (MSE) of Ŷ(i), which is given as

JMSE = T

W − M

1

M N

W/T
∑

i=M/T +1

E

[∥
∥
∥Ỹ(i) − Ŷ(i)

∥
∥
∥

2

F

]

, (16)

where the channel matrix H(i), the AWGNs V(i), and the
information bits b(i) are randomly generated over all data
blocks. Note that Ŷ(i) includes symbol blocks X̂(i), which
are estimated by carrying out the proposed detection algorithm
of (13) for blocks in the range of M/T + 1 ≤ i ≤ W/T .
Furthermore, Ỹ(i) of (16) is equivalent to Ŷ(i), except that
Ỹ(i) does not contain AWGN components and that the symbol
block estimates X̂(i) are replaced by their error-free versions
X(i). Note that the conventional square DSTC scheme exhibits
the MSE of JMSE = σ 2

v , which causes the well-known 3 dB
BER degradation. Also, the coherent scheme exhibits the MSE
of JMSE = 0 because the perfect CSI acquisition is assumed
at the receiver.

Figs. 3(a) and 3(b) show the relationship between the
MSE of Ŷ(W ) and α in the quasi-static and time-varying
Rayleigh fading channels, respectively, where we considered
(T, L) = (1, 2) and the pilot insertion ratio η was set to 5%.
For the quasi-static Rayleigh fading channels, the number of
transmit antennas was given as M = 4 and 8, whereas the
number of receive antennas was varied from N = 1 to 8.
For the time-varying Rayleigh fading channels, the number of
transmit and receive antennas was given as (M, N) = (8, 2),
(16, 4), and (32, 8), while maintaining the normalized Doppler
frequency to be Fd Ts = 10−3. The received SNR was set
to 10 dB, which corresponded to σ 2

v = 0.1. As shown
in Fig. 3(a), for the quasi-static Rayleigh fading channels,
the best α was 0.81, regardless of the parameters (M, N)
used. In contrast, Fig. 3(b) shows that for the time-varying
Rayleigh fading channels, the optimum α changed depending
on parameters (M, N).
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Fig. 4. Effective SNRs required for achieving a BER of 10−4 by the
proposed G-RDSM scheme with parameters (M, N, T, Q, L) = (4, 4, 1, 4, 4),
along with those of its coherent SM counterpart, the square DSM scheme,
and the semi-blind CE and DD scheme. The frame length was varied from
W = 5 to 4000. For example, the frame lengths of W = 8, 40, 80 and 400
corresponded to the pilot insertion ratios of η = 50%, 10%, 5%, and
1%. Furthermore, the quasi-static Rayleigh fading channel was assumed. The
forgetting factor was given as α = 0, 0.80, and 0.97.

Fig. 4 shows the effective SNRs required in order to
achieve a BER of 10−4 by the proposed G-RDSM scheme
with parameters of (M, N, T, Q, L) = (4, 4, 1, 4, 4), along
with those of its coherent SM counterpart, the square DSM
scheme having Q = 16 DMs, and the semi-blind CE and DD
scheme. The frame length was varied from W = 5 to 4000.
Furthermore, the quasi-static Rayleigh fading channel was
assumed. The forgetting factor was given as α = 0, 0.80, and
0.97. For reference, we also plotted the optimal bound of the
proposed scheme, where the best α was used, depending on
the W value. As shown in Fig. 4, the results obtained using
the proposed scheme with α = 0.80 were better than those
obtained for α = 0, and 0.97 for W ≤ 400, which corresponds
to η ≥ 1%. Furthermore, when deactivating the forgetting
factor (α = 0), the effective SNR increased as W increased.
Note that the achievable performance of the classic square
DSM scheme remains constant, regardless of W , because it
is capable of carrying out error-propagation-free block-by-
block detection of (3). Moreover, upon increasing W , the
performance of the semi-blind CE and DD scheme improved,
outperforming the proposed G-RDSM counterpart over the
entire range. This is because the longer data blocks resulted
in better feedback channel estimates in the semi-blind CE and
DD scheme.

C. Analytical Derivation of the Best Forgetting Factor

The α optimization introduced in the previous section is
carried out offline. However, calculating the MSE JMSE of (16)
for the high-M massive MIMO scenario may be a challenging
task. Therefore, we next approximate the calculation required
for the MSE for the quasi-static Rayleigh fading channel.

Fig. 5. Relationship between W and α for system parameters (M, N, T, Q) =
(4, 1, 1, 4), while varying the constellation size from L = 1 to 8. We also
assumed a quasi-static Rayleigh fading channel. The approximation curve
of (18) was plotted.

First, let us simplify the symbol matrices X(i)
(1 ≤ i ≤ W/T ) to be [0T IT 0T · · · 0T ]T ∈ RM×T ,
similar to the reference blocks, while assuming X̂(i) = X(i).
Then, the JMSE of (16) may be simplified significantly to
J ′

MSE = ∑K
i=2

[

α2(i−1) + (i − 1)(1 − α)2α2(K−i)
]

, where we
have K = W/M = 1/η. The derivative of J ′

MSE with respect
to α is given by

d

dα
J ′

MSE =
K

∑

i=2

[

2(i − 1)
(

α2i−3 − (1 − α)α2(K−i)

+ (1 − α)2(K − i)α2(K−i)−1
)]

. (17)

By considering d
dα J ′

MSE = 0 in (17), we obtain

2(K − 1)α2K+2 + α2K+1 − (2K + 1)α2K

− Kα3 + (K + 2)α2 + (K − 1)α − K + 1 = 0. (18)

Fig. 5 shows the relationship between W and α in the
quasi-static Rayleigh fading scenario, comparing the numerical
search and the analysis calculated by the approximated equa-
tion of (18). As shown in Fig. 5, the analytical curve closely
matches that of the numerical search. More specifically, for
W = 80 (i.e., η = 5%), the forgetting factor calculated by (18)
was α = 0.80, whereas that of the numerical search was
α = 0.81, as shown in Fig. 3.

V. COMPLEXITY ANALYSIS

In this section, we compare the decoding complexity of
the proposed and conventional schemes, which is imparted
by the ML detection per symbol duration. Here, similar
to [39], the number of real-valued multiplications needed
for the decoding process is determined. For example, the
multiplication of two complex values requires four real-valued
multiplications.

For a given rate R, the computational complexity of the
coherent SM scheme is given by 6N2RT ≈ O(N2RT ),
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Fig. 6. Decoding complexities of the MIMO schemes listed in Table I. For the
proposed G-RDSM scheme, the system parameters are (N, T, L) = (4, 1, 4).
The number of transmit antennas was changed from M = 2 to 512 while
maintaining Q = M.

since the ML detection of Ŝ = arg minS j ‖Y − H · S j‖2
F

requires 2B N · T complex-valued multiplications as well as
norm calculations, where S j (1 ≤ j ≤ 2B) represents the
legitimate symbol matrices. Then, the total number of real-
valued multiplications per symbol interval is calculated as
6NT 2B/T = 6N2B = 6N2RT .

In the proposed G-RDSM scheme, the decoding complex-
ity of the suboptimal detection is formulated by 6N2RT +
4N (M/T + 1), which is O(N2RT ). For the purpose of com-
parison, the computational complexities of the coherent SM
scheme, the single-antenna differential star-QAM scheme, the
square DSTC scheme, the square DSM scheme, the semi-
blind CE and DD scheme, and the conjugate BF scheme are
listed in Table I. Note that the complexity needed for channel
estimations in the coherent SM and the conjugate BF are not
included in the evaluations.

Fig. 6 shows the decoding complexities of the proposed
G-RDSM scheme and the benchmark schemes listed in Table I.
For the proposed G-RDSM scheme, the system parameters
were given as (N, T, L) = (4, 1, 4), and the number of trans-
mit antennas was varied from M = 2 to 512 while maintaining
Q = M . As shown in Fig. 6, the proposed G-RDSM scheme,
the coherent SM scheme, and the single-antenna differential
star-QAM scheme exhibited comparable low decoding com-
plexities, specifically, approximately 10 times lower than the
complexities of the semi-blind CE and DD scheme and the
conjugate BF scheme. As expected, the ML complexities of
the square DSM scheme and the square DSTC scheme were
prohibitively high, especially for R > 5 bps/Hz. For example,
the ML decoding complexity of the DSTC was 1.2 × 1015 for
M = 8 and 3.35 × 1032 for M = 16.

VI. PERFORMANCE RESULTS

In this section, we present our performance results in
order to characterize the proposed G-RDSM scheme in

Fig. 7. BER comparisons in the quasi-static Rayleigh fading channel, where
M = N = 4 transmit and receive antennas were used, while considering a
transmission rate of R = 4 bps/Hz.

uncoded scenarios. We considered both the quasi-static
Rayleigh fading channel and the time-varying Rayleigh fading
channel obeying the classic Jakes model of Section III-C.
The single-antenna differential star-QAM scheme [21], the
conventional square DSM scheme [17], the semi-blind CE
and DD scheme [16], and the conjugate BF scheme [1]
were considered as benchmarks for the proposed G-RDSM
scheme. The coherent counterparts of the proposed scheme
were equivalent to the SM scheme [5] for T = 1 and the
asynchronous STSK scheme [6] for T ≥ 2. The DMs of
the conventional DSM scheme and those of the proposed
G-RDSM scheme were obtained by the RDC criterion [24].
In our simulations, the total transmit power per symbol interval
was fixed to unity for all of the schemes.

A. Scenarios Involving a Small Number of
Transmit Antennas (M ≤ 8)

First, in Figs. 7 through 9, the achievable BER performance
for a scenario involving a small number of transmit antennas
(M ≤ 8) was investigated assuming a quasi-static Rayleigh
fading channel. Note that the effects of the power penalty
induced by the reference overhead were not reflected.

Fig. 7 shows the achievable BER performance of
the proposed G-RDSM scheme for system parameters
(M, N, T, Q, L) = (4, 4, 1, 4, 4) and the benchmark schemes,
i.e., the coherent SM scheme, the single-antenna differential
star-QAM scheme, the square DSM scheme having Q = 16
DMs, and the semi-blind CE and DD scheme. The transmis-
sion rate was R = 4 bps/Hz. The BER curves of the proposed
scheme were plotted for frame lengths of W = 5, 80, and 400.
Note that the W = 5 case corresponds to the minimum frame
length scenario, including M = 4 reference blocks and a
single data block. The curve of W = 5 was included as
an idealistic reference because the relative overhead was as
high as η = 80%. As shown in Fig. 7, the proposed scheme,
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Fig. 8. BER performance of the proposed G-RDSM scheme with parame-
ters (a) (M, N, T, Q, L) = (6, 1, 3, 32, 16) and (b) (6, 4, 3, 32, 16), which
achieved a transmission rate of R = 3 bps/Hz.

having a minimum frame length of W = 5, exhibited a
performance 3 dB lower than the coherent SM counterpart,
while outperforming the conventional square DSM scheme
and the single-antenna differential star-QAM scheme. Upon
increasing W for the proposed scheme, the achievable BER
improved, as expected from Fig. 4. The semi-blind CE and DD
scheme achieved a performance similar to that of the coherent
SM scheme.

Next, as shown in Figs. 8(a) and 8(b), we plotted the BER
performance of the proposed G-RDSM scheme with parame-
ters (M, N, T, Q, L) = (6, 1, 3, 32, 16) and (6, 4, 3, 32, 16),
respectively, which achieved a transmission rate of
R = 3 bps/Hz. The frame lengths for the proposed G-RDSM
scheme were W/T = 3 and 40. The BER curves of
the coherent counterpart of the proposed scheme and the
conventional DSM scheme having Q = 64 DMs were plotted
for reference. As shown in Fig. 8, the proposed G-RDSM
scheme outperformed the conventional square DSM scheme
while achieving a performance similar to those of the coherent
SM scheme and the semi-blind CE and DD scheme. Note
that the diversity order of the proposed scheme was D = 2.8
for N = 1 and D = 6.9 for N = 4.

Similarly, Figs. 9(a) and 9(b) show the BER performance
of the proposed G-RDSM scheme with parameters
(M , N , T , Q, L) = (8, 1, 4, 128, 2) and (8, 4, 4, 128, 2),
respectively, which achieves a transmission rate of
R = 2 bps/Hz. The number of DMs for the conventional
DSM scheme was Q = 256. Similar to in Fig. 8, the
performance advantage of the proposed G-RDSM scheme
over the conventional square DSM scheme was confirmed.
The diversity order of the G-RDSM scheme was D = 3.3 for
N = 1 and D = 6.7 for N = 4.

B. Massive-MIMO Scenarios

Next, we evaluated the proposed G-RDSM scheme in
massive-MIMO scenarios while considering time-varying
Rayleigh fading channels. The single-antenna differential

Fig. 9. BER performance of the proposed G-RDSM scheme with the
parameters (a) (M, N, T, Q, L) = (8, 1, 4, 128, 2) and (b) (8, 4, 4, 128, 2),
which yields a transmission rate of R = 2 bps/Hz.

Fig. 10. BER of the proposed scheme and the single-antenna differential
star-QAM scheme, where (M, N) = (256, 8) and R = 10 bps/Hz. The
normalized Doppler frequency was given by Fd Ts = 10−5.

star-QAM scheme, the conventional square DSM scheme, and
the conjugate BF scheme were considered as benchmarks.
Since the semi-blind CE and DD scheme of [22] was originally
proposed for the time-invariant channels, it was not included
here.7 In Figs. 10 through 12, the proposed G-RDSM scheme
used the T = 1 time slot per block and the constellation
size L = 4.

Fig. 10 shows the BER performance of the proposed
G-RDSM scheme for M = 256 transmit antennas, which
corresponds to transmission rates of R = 10 bps/Hz. Here, the
normalized Doppler frequency was given by Fd Ts = 10−5.
For comparison, the BER curves of the single-antenna

7Note that in the quasi-static channels, the semi-blind CE and DD scheme is
capable of achieving the near-PCSI performance, as shown in Figs. 7, 8, and 9,
which tends to outperform the proposed G-RDSM scheme.
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Fig. 11. Effective SNRs recorded for BER= 10−4, where the number of transmit antennas was set to M = 4, 16, 64, 256, and 1024 corresponding to
transmission rates of R = 4, 6, 8, 10, and 12 bps/Hz, as well as the frame lengths of W = 80, 320, 1280, 5120, and 20480, respectively. The normalized
Doppler frequency was set to Fd Ts = 1 × 10−6.

TABLE II

EFFECTIVE SNRs RECORDED FOR BER = 10−4 , WHERE WE HAVE (M, N) = (64, 4)

differential star-QAM scheme, the conjugate-BF scheme, the
semi-blind CE and DD scheme were plotted. As shown
in Fig. 10, in the proposed scheme, the effective SNR recorded
for BER= 10−4 was 19.8 dB for the quasi-static channel,
whereas that for time-varying channel was 20.9 dB, which
clearly outperformed the single-antenna star-QAM scheme.
Again, let us note that the conventional DSTC and DSM
schemes do not operate in the high-rate scenario, such as
R = 10 bps/Hz, since they do not have any rate scalability
with respect to the number of transmit antennas.

Fig. 11 shows the effective SNRs for various numbers of
transmit antennas (BER= 10−4). The number of transmit
antennas was set to M = 4, 16, 64, 256, and 1024, cor-
responding to transmission rates of R = 4, 6, 8, 10, and
12 bps/Hz, as well as the frame lengths of W = 80, 320,
1280, 5120, and 20480, respectively. The normalized Doppler
frequency was Fd Ts = 1×10−6. Here, the conventional square
DSM scheme was only plotted for R = 4 bps/Hz because its
decoding complexity was prohibitively high for R > 4 bps/Hz.
As shown in Fig. 11, the proposed G-RDSM scheme
exhibited better performance than two other differentially
encoded benchmark schemes, i.e., the conventional square
DSM scheme and the single-antenna differential star-QAM
scheme. The performance advantage of the G-RDSM
scheme was particularly notable for N ≥ 2 scenarios.
Furthermore, the performance gap between the proposed
G-RDSM scheme and the coherent SM scheme remained
at 3 dB for the Fd Ts = 1 × 10−6 scenario. Note that the

conjugate BF scheme achieved the best performance in all of
the scenarios owing to the idealistic assumption of PCSI at
the transmitter.

Additionally, Table II compares the effective SNR required
for achieving the BER of 10−4, where the normalized Doppler
frequency was given as Fd Ts = 0, 1 × 10−6, 1 × 10−5,
7 × 10−5, and 1 × 10−4. The numbers of transmit and receive
antennas were fixed to M = 64 and N = 4, respectively.
Other simulation parameters were the same with those used
in Fig. 11. Since we considered M = 64 transmit antennas,
the effective SNRs of the conventional square DSM were
not available (N/A) due to the complexity issue analyzed
in Section V. The performance gap between the proposed
scheme and its coherent counterpart was approximately 3 dB.
Upon increasing the normalized Doppler frequency Fd Ts , the
effective SNR of the proposed scheme increased, and finally
exhibited an error floor for Fd Ts = 1 × 10−4.

Finally, Fig. 12 compares the constrained capacity of
the proposed scheme, the conjugate-BF scheme, and the
single-antenna differential star-QAM scheme, where the num-
ber of transmit antennas was given by M = 4, 64, and 1024,
which corresponded to the transmission rates of R = 4, 8,
and 12 bps/Hz, respectively.8 The number of receive antennas
was set to N = 4. For the proposed G-RDSM scheme,

8To be more specific, the constrained capacity of the proposed G-RDSM
scheme was calculated, by assuming that the associated capacity is 3-dB lower
than its coherent counterpart according to [40].
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Fig. 12. Constrained capacity comparisons between the proposed scheme, the
conjugate-BF scheme, and the single-antenna differential star-QAM scheme,
where the number of transmit antennas was given by M = 4, 64, and 1024,
which corresponded to the transmission rates of R = 4, 8, and 12 bps/Hz,
respectively. The number of receive antennas was set to N = 4. The number
of symbols per block was maintained to be T = 1 in the proposed scheme.
The associated curves of the unconstrained channel capacity were also plotted.

the number of symbols per block was maintained to be T = 1
in the proposed scheme, while considering the minimum
reference block of W = M + 1, for simplicity. The associated
unconstrained capacity curves were also plotted. Observe
in Fig. 12 that the proposed G-RDSM scheme exhibited a
clear rate scalability with respect to the number of transmit
antennas. It should be emphasized that this is exclusive benefit
for the proposed scheme, which cannot be achieved in other
noncoherent DSTC schemes.

VII. CONCLUSIONS

In the present study, we proposed a novel RDSM principle
that allows us to construct a rectangular transmission matrix
rather than a square unitary matrix, which enables a high
transmission rate that is scalable with respect to the number
of transmit antennas. Furthermore, we generalized the RDSM
scheme to subsume the conventional square unitary DSTC
scheme and the square DSM scheme. The performance results
of the present study demonstrated that, as a direct result of the
proposed differentially encoded rectangular matrix structure,
the proposed RDSM scheme outperformed the conventional
DSTC family for high-rate massive-MIMO scenarios.
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