
Received October 11, 2017, accepted November 20, 2017, date of publication November 23, 2017,
date of current version February 14, 2018.

Digital Object Identifier 10.1109/ACCESS.2017.2777102

Space–Time Line Code for Massive MIMO and
Multiuser Systems With Antenna Allocation
JINGON JOUNG , (Senior Member, IEEE)
School of Electrical and Electronics Engineering, Chung-Ang University, Seoul 06974, South Korea

Corresponding author: jgjoung@cau.ac.kr

This work was supported by the Basic Science Research Program through the National Research Foundation funded by the Korean
Government under Grant 2016R1D1A1B03930250.

ABSTRACT This paper first investigates anM -by-2massivemultiple-input multiple-output (MIMO) system
that transmits a single stream is investigated. For this system, we propose a space–time line code (STLC),
which is a transmitting and combining (at a receiver) scheme that achieves full spatial diversity. For the
STLC, two consecutive (time) information symbols are weighted as per channel gains (space), combined at
each transmit antenna, and transmitted through the M transmit antennas for two consecutive symbol times.
With two receive antennas, the STLC receiver simply combines the signals received in the two symbol
times and achieves a diversity order of 2M (full diversity). We show that the proposed STLC asymptotically
achieves the maximum (optimal) received signal-to-noise ratio as M increases with significantly reduced
computational complexity compared with the optimal scheme. Because the proposed STLC receiver requires
no or partial channel state information, it avoids the issue ofmassiveMIMOchannel estimation. Furthermore,
the rigorous performance evaluation under spatially correlated and uncertain channel conditions reveals that
the proposed STLC achieves comparable or better performance than the existing schemes, and the results
verify that the proposed STLC scheme is a potential candidate for M -by-2 massive MIMO systems. Next,
the transmit antenna allocation algorithms are devised for a multiuser STLC system. Each user achieves
full diversity order from the corresponding MIMO channels after the antenna allocation. The signal-to-
interference-plus-noise ratio (SINR) of each user is analyzed considering the multiuser interference and
channel uncertainty, and its lower bound is derived. Using the SINR lower bound, greedy algorithms that
allocate the transmit antennas are devised. Rigorous simulation demonstrates that multiuser STLC with
the proposed antenna allocation is robust against channel uncertainty and can improve the average SINR,
improving the quality of experience. Furthermore, it is observed that the proposed STLC with antenna
allocation method achieves the best performance if M is sufficiently large. The results in this paper show
that the STLC can be a potential candidate for an M -by-2 (multiuser) massive MIMO systems.

INDEX TERMS Space–time line code, spatial-diversity gain, multiuser, massive MIMO.

I. INTRODUCTION
Recently, a new scheme to achieve full spatial diversity,
called the space–time line code (STLC), was proposed for
a multiple-input multiple-output (MIMO) system with M
transmit and two/three/four receive antennas [1]. In an STLC
transmitter, two consecutive (time) information symbols are
weighted by channel gains (space) and combined before
transmission. The two STLC symbols are then transmitted
through M transmit antennas and simply combined at the
receiver, thus achieving full spatial diversity. The interest
in STLC stems primarily from the fact that it allows for
simple combining without the knowledge of channel state
information (CSI) at the receiver; thus, it relieves the receiver

from the complexity burden required for estimating the CSI
and decoding the STLC transmissions that achieve full diver-
sity. Particularly, in time-division duplex (TDD) systems,
a low-complexity system design is possible when the STLC
scheme is operated with a space–time block code (STBC)
scheme in transmitter [2]–[5] and receiver pair, by reducing
the frequency of channel estimations and allowing the eas-
ier channel estimation to be used at the receiver [1]. Also,
the STLC can be used for improving secrecy capacity as
shown in [6].

From the study on full-spatial-diversity schemes includ-
ing maximum ratio combining (MRC) [7]–[11], maximum
ratio transmission (MRT), STBC [2]–[5], and STLC [1], the
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full-spatial-diversity systems that achieve a diversity order of
2M using 2M -spatial channels are characterized according to
their system configurations (i.e., the number of antennas and
CSI availability) as follows:
• MRC: 1×2M CSI is available at the receiver (Rx) only.
• MRT: 2M × 1 CSI is available at the transmitter (Tx)
only.

• STBC: 2×M CSI is available at the Rx only.
• STLC: M × 2 CSI is available at the Tx only.
In this paper, we consider an M -by-2 massive MIMO sys-

temwith STLC,which achieves the full diversity order of 2M ,
and compare it with an M -by-2 system employing MRT and
MRC (MRTC) at the transmitter and receiver, respectively.
Because the MRTC system needs to estimate the channels
at the receiver with two antennas and this requires at leastM
orthogonal pilot symbols or training sequences, whichmay be
intractable ifM is exceedingly large, i.e., the case of massive
MIMO systems [12]–[14]. In particular, the estimation of the
large-dimensional channels is a one of challenging issues on
massive MIMO systems [14], [15].

We first provide a formal expression for M -by-2 STLC
and derive the analytical signal-to-noise ratio (SNR) of the
STLC systems. The STLC receiver, without knowing the
CSI, provides a significant advantage over an MRTC system.
With the relaxed CSI requirement and less computational
complexity at the receiver, the STLC system achieves a
bit-error-rate (BER) performance comparable to that of the
MRTC system. For further rigorous comparison, we consider
maximum eigen beamforming (MEB) for an M -by-2 system
with CSI at both Tx and Rx, which is the optimal scheme in
terms of the received SNR [16]. We analytically show that the
M -by-2 STLC system asymptotically achieves an identical
SNR to that of MEB as M increases, which is also numer-
ically verified by comparing the received SNRs and BERs.
Furthermore, we analytically and numerically investigate the
spatial correlation effect on the received SNR. One impor-
tant observation from the results is that the transmit antenna
correlation, which is typically high in a massive antenna
transmitter, does not considerably affect system performance.
On the other hand, we analytically show that the received
SNR of the STLCmarginally increases as the receive antenna
correlation increases, and we also numerically verify this
analysis. From the numerical simulation, we observe that the
STLC performance is as robust against channel uncertainty
as MRTC, while MEB is relatively very sensitive.

Next, the massive MIMO STLC is applied to a sys-
tem that supports multiple users (i.e., receivers). A method
for the allocation of the transmit antennas to users is
proposed for a multiuser STLC in order to improve the
average signal-to-interference-plus-noise ratio (SINR) and
quality-of-experience (QoE). Antenna allocation, in which
all transmit antennas are activated, is different from antenna
selection [17]–[19], which uses a partial set of antennas. Each
user achieves full-spatial-diversity order from the allocated
transmit antennas. The SINR of each user is analyzed con-
sidering the multiuser interference and channel uncertainty,

and its lower bound is derived. Using the SINR lower bound,
two greedy-based antenna allocation algorithms are devised.
Rigorous simulation validates that the multiuser STLC with
the proposed antenna allocation is robust against channel
uncertainty and can improve the average SINR and QoE.
Moreover, it is observed that the STLC with antenna alloca-
tion achieves the best performance if the number of transmit
antenna is sufficiently large. In conclusion, the STLC scheme
is attractive for a practical massive MIMO system.

The rest of the paper is organized as follows. In Section II,
an STLC scheme for anM -by-2massiveMIMO system is for-
mally expressed and its received SNR is derived. Section III
describes MRTC and MEB and compares their received SNR
to that of STLC. In Section IV, spatial correlation is con-
sidered. Section V provides analytical and numerical results
under channel uncertainty. In Section VI, a multiuser STLC
system is proposed with greedy-based antenna allocation
algorithms. Section VII concludes this paper.
Notation: The superscripts T , H , and ∗ denote trans-

position, Hermitian transposition, and complex conjugate,
respectively, for any scalar, vector or matrix; E stands for
expectation of a random variable x; for any scalar x, vector x,
and matrix X , the notations |x|, ‖x‖, and ‖X‖F denote the
absolute value of x, the two norm of x, and the Frobenius-
norm of X , respectively; X1/2 is the principal square root of
the square matrix X , i.e., X1/2X1/2

= X ; |X | represents the
cardinality of set X ; X \ Y is the set of elements in set X
but not in set Y; X ∪ Y is the set of elements in set X or set
Y; ∅ denotes an empty set; and x ∼ CN (0, σ 2) means that a
complex random variable x conforms to a normal distribution
with a zero mean and variance σ 2.

II. STLC FOR M-BY-2 MASSIVE MIMO SYSTEMS
The STLC scheme in [1] is precisely generalized to a sys-
tem with M transmit and two receive antennas, as depicted
in Fig. 1. The notations of channel gains for M × 2 STLC
are listed in Table 1. Channel hn,m represents independent
channel gain from transmit antenna m to receive antenna n,
where m ∈M = {1, . . . ,M} and n ∈ {1, 2}. The sum of all
channel gains is denoted by γM and is expressed as

γM =

M∑
m=1

|h1,m|2 + |h2,m|2. (1)

The M -by-2 STLC encoding and transmission methods at
the Tx and a received STLC signal combining method at the
Rx are first introduced. The received SNR analysis is then
provided.

A. ENCODING AND TRANSMISSION SEQUENCE
Let x be an information symbol that conforms to the complex
normal distribution with E[|x|2] = σ 2

x , i.e., CN (0, σ 2
x ). Two

STLC symbols denoted by sm,1 and sm,2 are transmitted
via transmit antenna m during the first and second symbol
periods, respectively. Using the CSI at the transmitter (refer
to [1, Sec. V] for the scenario how to get the CSI at the
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FIGURE 1. Example of a new full-diversity achieving M × 2 STLC system that achieves full diversity, where a Type-15 structure with an STLC encoding
matrix Cd

(1,2) in [1, Table IV] is used for the encoding and combining at the transmitter and receiver, respectively.

TABLE 1. Definition of channels, hn,m, between transmit antenna m and
receive antenna n.

transmitter), the STLC symbols sm,1 and sm,2 are encoded
by combining two information symbols x1 and x2, which are
weighted by channel gains, for example, as follows:

sm,1 = h∗1,mx1 − h
∗

2,mx
∗

2 , ∀m ∈M (2a)

sm,2 = −h∗2,mx
∗

1 − h
∗

1,mx2, ∀m ∈M. (2b)

The encoding in (2a) is represented by a vector-and-matrix
form as [

sm,1
s∗m,2

]
=

[
h∗1,m −h

∗

2,m
−h2,m −h1,m

] [
x1
x∗2

]
. (3)

TABLE 2. Encoding and transmit sequence for the STLC Scheme with
M-transmit antennas.

Here, for simplicity and tractable analysis later, we assume
that all users use a Type-15 structure with an STLC encoding
matrix Cd

(1,2) in [1, Table IV]. Note that any type of STLC
matrix and structure in [1, Table IV] can be applied to (2a).
The STLC symbols in (2a) are listed in Table 2.

At transmission time 1, an STLC symbol sm,1 is transmitted
through the mth transmit antenna for all m ∈ M, simul-
taneously. In the subsequent transmission time 2, an STLC
symbol sm,2 is transmitted through the mth transmit antenna
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TABLE 3. Notation for STLC received signal rn,t .

for all m ∈ M, simultaneously. To satisfy, without loss
of generality (w.l.o.g), the transmit power constraint by σ 2

x ,
the transmitter weights (normalizes) sm,t with η. The normal-
ization factor η can be readily derived as η = 1/

√
γM , such

that
∑M

m=1 E |ηsm,t |
2
= σ 2

x for all t .
Denote the received signal at receive antenna n at time t

by rn,t as shown in Table 3. The receive symbols with two
receive antennas can then be expressed as follows:

r1,1 =
1
√
γM

(
M∑
m=1

h1,msm,1

)
+ z1,1 (4a)

r1,2 =
1
√
γM

(
M∑
m=1

h1,msm,2

)
+ z1,2 (4b)

r2,1 =
1
√
γM

(
M∑
m=1

h2,msm,1

)
+ z2,1 (4c)

r2,2 =
1
√
γM

(
M∑
m=1

h2,msm,2

)
+ z2,2 (4d)

where zn,t is an additive white Gaussian noise (AWGN) with
zero mean and σ 2

z variance in the received signal rn,t .
As depicted in Fig. 1 and defined in (2a), the STLC encod-

ing is performed separately on each transmit antenna. This
parallel encoding enables high-speed processing at the Tx
with massive antennas.

B. COMBINING SCHEME
The STLC combiner is shown in Fig. 1. Directly combining
{r1,1, r1,2, r2,1, r2,2} in (4a) as (r1,1− r∗2,2) and (−r

∗

2,1− r1,2),
the STLC receiver obtains the weighted estimates of symbols
as follows:

r1,1 − r∗2,2

=
1
√
γM

(
M∑
m=1

h1,m
(
h∗1,mx1 − h

∗

2,mx
∗

2
))

−
1
√
γM

(
M∑
m=1

h∗2,m
(
−h∗2,mx

∗

1 − h
∗

1,mx2
)∗)

+ z1,1 − z∗2,2

=
1
√
γM

M∑
m=1

(
|h1,m|2 + |h2,m|2

)
x1 + z1,1 − z∗2,2

=
√
γMx1 + z1,1 − z∗2,2 (5a)

−r∗2,1 − r1,2

= −
1
√
γM

(
M∑
m=1

h∗2,m
(
h∗1,mx1 − h

∗

2,mx
∗

2
)∗)

−
1
√
γM

(
M∑
m=1

h1,m
(
−h∗2,mx

∗

1 − h
∗

1,mx2
))

− z∗2,1 − z1,2

=
1
√
γM

M∑
m=1

(
|h1,m|2 + |h2,m|2

)
x2 − z∗2,1 − z1,2

=
√
γMx2 − z∗2,1 − z1,2. (5b)

As seen in (5a), the STLC receiver does not need full
CSI to combine the received signals, which we call blind
combining [1]; however, it needs an effective channel gain
√
γM for maximum likelihood (ML) detection in subsequent

processing. The effective channel gain can be estimated by
using the blind SNR estimation techniques (see [20] and
references therein). Note that, for phase-shift-keying (PSK)
symbol detection, even

√
γM is not required.

C. RECEIVED SNR OF STLC
Note that (z1,1 − z∗2,2) ∼ CN (0, 2σ 2

z ) and (−z∗2,1 − z1,2) ∼
CN (0, 2σ 2

z ) in (5a) because the sum of the two independent
AWGNs is also AWGN. Thus, the resulting SNR after the
blind combining in (5a) is readily derived as follows:

SNRSTLC =
γMσ

2
x

2σ 2
z
. (6)

From (6), we verify that theM×2 STLC system achieves the
diversity order of 2M (refer to [1]), i.e., full diversity gain,
and half the full array processing gain, i.e., 2M/2 = M . The
factor of two in the denominator in (6) comes from the fact
that the two AWGNs are directly combined at the receiver,
as shown in (5a).

III. COMPARISON OF STLC WITH MRTC AND MEB
In order to introduce models of benchmakring systems,
i.e., MRTC and MEB, the spatial channels defined in Table 1
are represented in the matrix form as follows:

H =
[
h1
h2

]
=

[
h1,1 h1,2 · · · , h1,M
h2,1 h2,2 · · · , h2,M

]
∈ C2×M (7)

where h1 ∈ C1×M and h2 ∈ C1×M represent the first
and second row vectors of H .

A. RECEIVED SNR OF MRTC
Suppose, w.l.o.g., that ‖h1‖ ≥ ‖h2‖. Then, the transmitter
generates the weight vector of the larger-norm channel vector
for MRT [21], [22] as follows:

w =
hH1
‖h1‖

. (8)

After the MRT, the received signal at the receiver becomes

r =
[
‖h1‖

h2hH1 /‖h1‖

]
x + z (9)
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where z = [z1,1 z2,1]T is an AWGN vector. Now, the receiver
applies MRC with two received signals to achieve the maxi-
mum SNR as follows [7]:

1
σz

[
‖h1‖

h2hH1 /‖h1‖

]H
r =
‖h1‖2 + h1hH2 h2h

H
1 /‖h1‖

2

σz
x

+
1
σz

[
‖h1‖

h2hH1 /‖h1‖

]H
z. (10)

From (10), the SNR of MRTC is generally derived
as follows (the proof is tedious and omitted in this
paper):

SNRMRTC =

(
‖hmax‖2 +

∣∣h2hH1 h1hH2 ∣∣
‖hmax‖2

)
σ 2
x

σ 2
z

(11)

where ‖hmax‖ = maxn∈{1,2} ‖hn‖.

B. RECEIVED SNR OF MEB
For comparison of single data stream transmitting systems,
an MEB method is considered. For single date stream trans-
mission, the MEB performs beamforming through one chan-
nel vector that corresponds to the maximum singular value of
a channel matrix; thus, it is optimal in terms of the received
SNR [16].

TheMIMO channel in (7) is decomposed by singular value
decomposition (SVD) as follows:

H =
[
u1 u2

] [d1 0 01,M−2
0 d2 01,M−2

] [
v1 · · · vM

]H
(12)

where dk is the kth largest singular value of H ; uk and vk
are the left and right singular vectors, respectively, which
correspond to dk (k ∈ {1, 2}); and 01,M−2 is a 1-by-(M − 2)
zero vector. The optimal eigen beamforming vector is then
v1 and the corresponding receive combining vector is uH1 ,
such that the effective channel gain is maximized by d1 as
follows:

uH1 r = uH1 (Hv1x + z) = d1x + uH1 z

= d1x + z′ (13)

where r = [r1,1 r2,1]T is the received signal vector at
antennas 1 and 2 (see Table 3). Here, note that there is
no transmit power normalization factor because v1 is a
unit-norm vector, i.e., E(‖v1x‖2) = E(x∗vH1 v1x) = σ 2

x .
Further, because E[z′(z′)∗] = E[uH1 zz

Hu1] = uH1 E[zzH ]u1 =

uH1

[
σ 2z 0
0 σ 2z

]
u1 = σ 2

z , z
′ conforms to the same distribution as

z, i.e., z′ ∼ CN (0, σ 2
z ). Therefore, from (13), the received

SNR of MEB is derived as

SNRMEB =
d21σ

2
x

σ 2
z
. (14)

FIGURE 2. Analytic SNR comparison over σ2
x /σ

2
z for M = {4,40,100}.

C. SNR GAP ANALYSIS BETWEEN AN STLC SCHEME AND
AN OPTIMUM SCHEME MEB
From (6) and (14), the gap between STLC’s SNR and optimal
scheme MEB’s SNR, denoted by 1, is derived as

1 , SNRMEB − SNRSTLC =
d21σ

2
x

σ 2
z
−
γMσ

2
x

2σ 2
z

(a)
=

(d21 − d
2
2 )σ

2
x

2σ 2
z

≥ 0 (15)

where (a) follows that γM = ‖H‖2F = d21 + d
2
2 .

For asymptotic intuition, the following theorem on extreme
singular values is applied to (15).
Theorem 1: Condition number of complex Gaussian

matrices [23]: For an n × m (n ≤ m) complex Gaus-
sian random matrix A with independent and identically dis-
tributed (i.i.d.) elements that are CN (0, 1), its condition num-
ber κ converges almost surely to 1+

√
y

1−
√
y as m → ∞, where n

depends on m in such a way that limm→∞ n/m = y ∈ [0, 1].
Moreover,

E log κ = log
1+
√
y

1−
√
y
+O(1), as m→∞. (16)

From Theorem 1, we can readily get the following
corollary:
Corollary 1: The gap between STLC’s SNR and MEB’s

SNR vanishes as the number of transmit antennas M
increases.

Proof: Applying Theorem 1 to our system configura-
tion, we can easily show that the condition number ofH goes
to one asM goes to infinity, because limM→∞ 2/M = 0. This
implies that d2 → d1 and y = 0 in (16). As a consequence,
1 in (15) approaches zero.

D. RECEIVED SNR AND BER EVALUATION
The received SNRs of STLC, MRTC, and MEB derived
in (6), (11), and (14), respectively, are numerically com-
pared in Fig. 2. The analytical SNRs are compared
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FIGURE 3. BER performance comparison over σ2
x /σ

2
z when

M = {4,40,100} and 256-QAM is used.

over σ 2
x /σ

2
z . As expected, all SNRs increase as σ 2

x /σ
2
z

increases. By varying the number of transmit antennas M
from 4 to 100, we observe that the SNR gap between STLC
and MEB also decreases and the SNR of STLC approaches
that of MEB as stated in Corollary 1.

For further verification of our analyses, in Fig. 3, analytical
BERs are compared with BERs obtained from Monte Carlo
simulation. The analytical BER performance is obtained
using BER ≈ 0.5Q(

√
3SNR/255) for 256-quadratic ampli-

tude modulation (QAM) [24] with analytic SNRs in (6), (11),
and (14), where Q(·) is a Q-function defined as Q(x) =
1
√
2π

∫
∞

x exp
(
−u2
2

)
du. WhenM = 4 and σ 2

x /σ
2
z is low, there

is a non-negligible discrepancy between the analytical and
Monte Carlo simulation results due to BER approximation.
In general, the analytically derived BER matches well with
the BER obtained from Monte Carlo simulation regardless
of M and σ 2

x /σ
2
z . Further, we can observe that the BER gap

between STLC and MEB decreases asM increases. From the
results, SNR analyses are verified and Corollary 1 is further
validated.

E. COMPUTATIONAL COMPLEXITY
AND REQUIRED INFORMATION
The required computational complexity for the STLC,
MRTC, and MEB schemes and the required CSI at the Tx
and Rx are compared.

1) STLC
For STLC encoding, 4M multiplications and 2M additions
of complex values are required. For STLC decoding, two
additions of complex values are required. Thus, the total com-
plexity order is O(M ), which is the first order of polynomial
complexity. While full CSI is required at an STLC Tx, only
the effective channel gain γM , which can be readily measured
from the received signal strength, is required at an STLC Rx
unless PSK modulation is used.

2) MRTC
From (8) and (10), it is obvious that the complexity order of
MRTC isO(M ), which is the same as the STLC. For theMRT
in (8), full CSI is required at an MRTC Tx. For the MRC
in (10), the full CSI is also required at the MRCT Rx.

3) MEB
Either MEB Tx or Rx needs to perform SVD of an M -by-2
complex matrix for pre- or post-processing (beamforming).
The SVD complexity is a bottleneck of the computational
complexity in the MEB system and its order is O(M3) [25].
Indeed full CSI is required at both MEB Tx and Rx.

IV. SPATIALLY CORRELATED CHANNELS
In this section, we consider the effect of the spatial correlation
of channels. The massive MIMO channels could be highly
spatially correlated, especially at the transmitter owing to the
large number of antennas within the limited space [26]–[28].

An M -by-2 spatially correlated MIMO channel matrix is
modeled as

Hc =
[
hTc,1 h

T
c,2

]T
= R1/2

rx HR1/2
tx (17)

where H ∈ CM×2 consists of i.i.d complex Gaussian
random variables with a mean of zero and a variance of
one; the Rx and Tx correlation matrices are modeled as
Rrx = toeplitz([ρ0rx ρ

1
rx]) and Rtx = toeplitz([ρ0tx ρ

1
tx · · ·

ρM−1tx ]) [29]; and ρrx and ρtx are the correlation factors at Rx
and Tx, respectively, which are between zero (uncorrelated)
and one (perfectly correlated). Using this correlated channel
model, we investigated the received SNRs of STLC, MRTC,
and MEB.

A. RECEIVED SNR OF STLC
Applying the spatial correlationmodel to (2a)–(4a), the diver-
sity gain factor in the received SNR in (6) is modified as
follows:

γ ′M = ‖Hc‖
2
F = ‖R

1/2
rx HR1/2

tx ‖
2
F

= tr
(
R1/2
rx HR1/2

tx (R1/2
tx )HHH (R1/2

rx )H
)

= tr
(
HRtxHHRrx

)
= tr

([
h1
h2

]
Rtx

[
hH1 hH2

] [ rrx,1
rrx,2

])
= tr

([
h1Rtx (hH1 rrx,1+h

H
2 rrx,2)

h2Rtx (hH1 rrx,1+h
H
2 rrx,2)

])
(18)

where rrx,1 and rrx,2 are the first and second row vectors of
Rrx , respectively. From the definitions that rrx,1 = [1 ρrx] and
rrx,2 = [ρrx 1], γ ′M in (18) can be further derived as follows:

γ ′M = h1RtxhH1 + h2Rtxh
H
2 + ρrx(h1Rtxh

H
2 + h2Rtxh

H
1 )

= h1RtxhH1 + h2Rtxh
H
2 + 2ρrx Re(h1RtxhH2 )

= tr
(
Rtx(hH1 h1 + h

H
2 h2)

)
+ 2ρrx Re(h1RtxhH2 )

= tr(RtxHHH)+ 2ρrx Re(h1RtxhH2 ). (19)
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Substituting γM in (6) with γ ′M in (19), the SNR of STLC
under spatially correlated channel conditions is expressed as
a function of ρtx and ρrx as follows:

SNRSTLC (ρtx , ρrx)

=

(
tr(RtxHHH)+ 2ρrx Re(h1RtxhH2 )

)
σ 2
x

2σ 2
z

. (20)

From (20), we see that the SNR of STLC is a decreasing
function of ρtx because as ρtx increases, the Toeplitz matrix
Rtx becomes more dispersive (i.e., the magnitude of off-
diagonal terms increases) and does not capture the strong
channel gains located on the diagonal of a diagonal dominant
matrix HHH . On the other hand, because tr(RtxHHH) �
2ρrx Re(h1RtxhH2 ), ρrx does not considerably affect the SNR
of STLC.

B. RECEIVED SNR OF MRTC
Applying the spatial correlation model to (11), the effective
SNR of MRTC is derived as

SNRMRTC =

(
‖hc,max‖2 +

∣∣hc,2hHc,1hc,1hHc,2∣∣
‖hc,max‖2

)
σ 2
x

σ 2
z

(21)

where ‖hc,max‖ = maxn∈{1,2} ‖hc,n‖; the correlated channel
vectors are written as

hc,1 = ρ1h′1 + ρ2h
′

2 (22a)

hc,2 = ρ2h′1 + ρ1h
′

2 (22b)

h′1 , h1R
1/2
tx (22c)

h′2 , h2R
1/2
tx (22d)

and the correlation factors ρ1 and ρ2 are obtained from the
receive antenna correlation factor ρrx , such that ρ21 + ρ

2
2 = 1

and 2ρ1ρ2 = ρrx . Substituting (22a) in (21), we can
express (21) as a function of ρtx and ρrx as follows (the proof
is tedious and omitted):

SNRMRTC (ρtx , ρrx) =
(
α +

β

α

)
σ 2
x

σ 2
z

(23)

where

α=

(
1+

√
1− ρ2rx
2

)∥∥h′max∥∥2+
(
1−

√
1−ρ2rx
2

)
‖h′max‖

2

+ ρrx Re
(
h′1(h

′

2)
H
)

(24a)

β =
ρ2rx

4
‖H ′‖4F + ρrx‖H

′
‖
2
F Re

(
h′1h
′

2
)

+
ρ2rx

2
Re
(
h′1(h

′

2)
Hh′1(h

′

2)
H
)
+

(
1−

ρ2rx

2

) ∣∣∣h′1(h′2)H ∣∣∣2
(24b)

and H ′ = HR1/2
tx .

If we scrutinize (23), interestingly, the SNR of MRTC is
proportional to ρrx . This is because α decreases with the
dominant order o(ρrx), while β increases with the dominant

order o(ρ2rx), which increases faster than the decreasing speed
of α; therefore, SNRMRTC (ρtx , ρrx) = o(ρrx)−1 +
o(ρrx)o(ρ2rx), where o(ρ) is an increasing function
over ρ.
On the other hand, the SNR of MRTC is inversely pro-

portional to ρtx because both ‖h′‖ and ‖H‖F decrease
as ρtx increases, and as a consequence, both α and β

decrease. Here, it is apparent that β decreases much faster
than α.

C. RECEIVED SNR OF MEB
As spatial correlation factors ρtx and ρrx increase, the con-
dition number of the correlated channel matrix Hc in (17)
increases [30] and enhances the principal eigenmode of
the channel at the cost of the remaining eigenmodes,
i.e., d1 increases, while d2 decreases [31]. Therefore,
the SNR of MEB in (14) increases as ρtx and/or ρrx
increase.

D. ANALYSES VERIFICATION AND DISCUSSION
In Fig. 4(a), SNRs are evaluated over the transmit antenna
correlation, i.e., ρtx , when M = 100, σ 2

x /σ
2
z = 8 dB, and

the receive antenna correlation factor ρrx is fixed by 0.1. The
SNRs of STLC and MRTC obtained from analyses in (20)
and (23) are compared with those obtained from the Monte
Carlo simulation. From the results, the SNR analyses under
spatially correlated channel conditions are verified. The
SNRs of MEB and MRTC increase as ρtx increases. On the
other hand, as analyzed in (20), the SNR of STLC decreases
as ρtx ; however, the variation is very subtle. In Fig. 4(b),
for further verification, the BERs are evaluated. Obviously,
the inversely proportional relationship between the SNR
and the BER is observed. The numerical results reveal that
M -by-2 massive MIMO systems using MEB, MRTC, or the
proposed STLC are insensitive to the spatial correlation
between transmit antennas.

Similarly, the receive antenna correlation effect is investi-
gated by evaluating SNRs and BERs in Fig. 5. In Fig. 5(a),
SNRs are evaluated over the receive antenna correlation,
i.e., ρrx , when M = 100, σ 2

x /σ
2
z = 8 dB, and the

transmit antenna correlation factor ρtx is fixed by 0.4.
Comparing the SNRs of STLC and MRTC obtained from
analyses in (20) and (23) with those obtained from the
Monte Carlo simulation, we verify the SNR analyses. The
SNRs of MEB and MRTC significantly increase as ρrx
increases, while the SNR of STLC is again almost stable
regardless of ρrx , as stated in Section IV.B. In Fig. 5(b),
an inversely proportional relationship between the SNR
and BER is clearly observed. The numerical results reveal
that the M -by-2 massive MIMO systems using MEB and
MRTC are sensitive to receive antenna correlation; however,
those using the proposed STLC are insensitive. Because
the spatial correlation between two receive antennas is
insignificant, focusing on the low ρrx regime, the per-
formance of the proposed STLC is comparable to those
of MEB and MRTC.
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FIGURE 4. Performance comparison over ρtx when M = 100,
σ2

x /σ
2
z = 8 dB, ρrx = 0.1, and 256-QAM is used. (a) SNR. (b) BER.

V. CHANNEL UNCERTAINTY
The CSI at a transmitter could be outdated because, in prac-
tice, the CSI is obtained from channel estimation in the
previous receiving mode, i.e., the time varying channel in
TDD system. Further, considering the estimation error,
the mismatch of channel calibration in the TDD systems,
and a feedback error in frequency-division duplex systems,
the CSI uncertainty is inevitable.

We denote an estimated (outdated) CSI at the transmitter
by h̃ , h+ ε, where h is the actual (current) channel element
and ε is the estimation error. Assuming that the estimation
errors of all channel elements are independent of one another
and they conform to normal distribution with mean zero and
variance σ 2

ε , we represent a mean-squared error (MSE) of
the estimation by σ 2

ε , i.e., E |h − h̃|2 = σ 2
ε [1]. We derive,

w.l.o.g., the SNR of STLC under channel uncertainty from
the estimate of x1 (a similar procedure can be applied x2 to
obtain the same result.).

FIGURE 5. Performance comparison over ρrx when M = 100,
σ2

x /σ
2
z = 8 dB, ρtx = 0.4, and 256-QAM is used. (a) SNR. (b) BER.

Applying the channel uncertainty to (2a) and (4a), the esti-
mate (5a) is rewritten as follows:
r1,1 − r∗2,2

= γ̃
−1/2
M

M∑
m=1

h1,msm,1 − γ̃
−1/2
M

M∑
m=1

h∗2,ms
∗

m,2

+ z1,1 − z∗2,2

= γ̃
−1/2
M

M∑
m=1

h1,m
(
h̃∗1,mx1 − h̃

∗

2,mx
∗

2

)
+ γ̃
−1/2
M

×

M∑
m=1

h∗2,m
(
h̃2,mx1 + h̃1,mx∗2

)
+ z1,1 − z∗2,2

= γ̃
−1/2
M

(
γMx1 +

M∑
m=1

(
h1,mε∗1,m + h

∗

2,mε2,m
)
x1

+

M∑
m=1

(
h∗2,mε1,m − h1,mε

∗

2,m
)
x∗2

)
+ z1,1 − z∗2,2 (25)
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where γ̃M =
∑M

m=1 |h̃1,m|
2
+|h̃2,m|2 is the sum of all channel

gains, which is estimated at Tx and Rx.
Then, from (25), we obtain the estimate of x1 as follows:

x̃1 = γ̃
−1/2
M (r1,1 − r∗2,2)

= γM γ̃
−1
M x1 + γ̃

−1
M

M∑
m=1

(
h1,mε∗1,m + h

∗

2,mε2,m
)
x1

+ γ̃−1M

M∑
m=1

(
h∗2,mε1,m − h1,mε

∗

2,m
)
x∗2

+ γ̃
−1/2
M (z1,1 − z∗2,2). (26)

Again, note that instead of full CSI, only γ̃M is required at
the STLC receiver (denoted by Scenario 1), and even it is not
required if PSK constellation is used.

From (26), the SNR of STLC under uncertain channel
presence is then derived as a function of channel uncertainty
σ 2
ε as

SNRSTLC (σ 2
ε ) = E

(
|x1|2

|x̃1 − x1|2

)
(27)

and its lower bound is derived using Jensen’s inequality as
follows (the detailed derivation is omitted here):

SNRSTLC (σ 2
ε )

≥
(γM + 2Mσ 2

ε )
2σ 2

x

2(2M2σ 4
ε σ

2
x + σ

2
ε γMσ

2
x + (γM + 2Mσ 2

ε )σ 2
z )
. (28)

Note that, for σ 2
ε = 0, the SNR bound in (28) is identical

to (6).
If the effective channel gain γM/

√
γ̃M in (25) is per-

fectly estimated at the receiver by using additional pilot sym-
bols (denoted by Scenario 2), the estimate (26) is given by

x̃1 =
√
γ̃M/γM (r1,1 − r∗2,2)

= x1 + γ
−1
M x1

M∑
m=1

(
h1,mε∗1,m + h

∗

2,mε2,m
)
x1

+ γ−1M

M∑
m=1

(
h∗2,mε1,m − h1,mε

∗

2,m
)
x∗2

+
√
γ̃M/γM (z1,1 − z∗2,2) (29)

and from it the received SNR is derived as follows:

SNRSTLC (σ 2
ε ) =

γ 2
Mσ

2
x

2(γMσ 2
x σ

2
ε + (γM + 2Mσ 2

ε )σ 2
z )

(30)

which is a general expression of the received SNRs in [1],
where the SNRs are shown for M = 1 and M = 2.
In Figs. 6 and 7, the BER performance for a 256-QAM

transmission is evaluated in Scenarios 1 and 2, respectively,
over the channel uncertainty σ 2

ε when σ 2
x /σ

2
z = 8 dB.

From the simulation results, the received SNR lower bounds
of STLC in (28) and (30), i.e., the upper bound of BER,
are verified. As observed, the bound becomes tight as M
increases. Moreover, we also observe that the proposed STLC
is more robust against CSI uncertainty thanMEB andMRTC,

FIGURE 6. BER performance comparison in scenario 1 over MSE of
channel estimation, i.e., σ2

ε when 256-QAM is used and σ2
x /σ

2
z = 8 dB.

FIGURE 7. BER performance comparison in scenario 2 over MSE of
channel estimation, i.e., σ2

ε when 256-QAM is used and σ2
x /σ

2
z = 8 dB.

especially when M is large. Though the MEB achieves opti-
mal performance when CSI is perfect, it is very vulnerable
for CSI uncertainty and provides a severely poor performance
with the uncertain CSI.

As the first part of this study, we investigated M -by-2
massiveMIMO systems that transmit a single stream, as sum-
marized in Table 4.

VI. MULTIUSER APPLICATION
The STLC scheme is applied to support U multiple
users (receivers), as depicted in Fig. 8, where one STLC
transmitter with M transmit antennas supports U users, each
of which has two receive antennas. We denote the user index
by u and its set by U , i.e., u ∈ U = {1, . . . ,U}. The
notations used for the channel gains are shown in Table 5.
Channel hn,u,m represents independent channel gain from
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FIGURE 8. Antenna allocation example of the proposed M × 2 STLC system achieving full diversity with U
users.

TABLE 4. Summary of the comparison of M-by-2 MRTC, MEB, and STLC
schemes, with respect to computational complexity, required information,
spatial correlation effect (ρ: ρtx and ρrx ), and CSI Uncertainty
(MSE of CSI, σ2

ε ).

transmit antenna m to receive antenna n of user u. To support
multiple STLC users, a transmit antenna set is allocated to
each user, which is possible because the STLC encoding is
performed individually across transmit antennas, as shown
in Section II. Here, the antenna set allocated to user u is
denoted by Mu. Then, the maximum diversity gain that
can be achieved by user u is denoted by γu and written as
follows:

γu =
∑

m∈Mu

|h1,u,m|2 + |h2,u,m|2 =
∑

m∈Mu

‖hu,m‖2 (31)

where hu,m is the 2-by-1 channel vector between transmit
antenna m and user u.

In this section, we introduce the STLC encoding and
decoding methods for a given antenna allocation. Then,
the antenna allocation strategy is considered in the sequel.

TABLE 5. Definition of channel hn,u,m between receive antenna n of user
u and allocated transmit antenna m.

TABLE 6. Encoding and Transmit Sequence for STLC Scheme at Transmit
Antenna m for User u.

A. ENCODING AND TRANSMISSION SEQUENCE
Suppose that transmit antenna m is allocated to user u,
i.e., m ∈ Mu. STLC symbols sm,1 and sm,2 are encoded by
combining two information symbols x1,u and x2,u, which are
weighted by channel gains between transmit antenna m and
user u as [

sm,1
s∗m,2

]
=

[
h∗1,u,m −h∗2,u,m
−h2,u,m −h1,u,m

] [
x1,u
x∗2,u

]
(32)

and the STLC symbols are written as follows (as shown
in Table 6):

sm,1 = h∗1,u,mx1,u − h
∗

2,u,mx
∗

2,u, ∀m ∈Mu (33a)

sm,2 = −h∗2,u,mx
∗

1,u − h
∗

1,u,mx2,u, ∀m ∈Mu. (33b)

At transmission time t1, an STLC symbol sm,t1 is trans-
mitted to user u through the mth transmit antenna for all
m ∈ Mu, simultaneously. At the same time, other transmit
antennas that are not allocated to user u generate interference
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TABLE 7. Notation for STLC Received Signal rn,t,u at User u.

for user u while they support other users. Denote the interfer-
ence antenna set of user u by Mū, i.e., Mū = M \Mu.
In subsequent transmission time t2, an STLC symbol sm,t2
is transmitted to user u through the mth transmit antenna for
all m ∈Mu, simultaneously. Again, other transmit antennas
in set Mū interfere with the signal for user u. To fairly
allocate the power among users [32], the transmit power of
each user is limited by σ 2

x , which implies that identical time-
averaged power is allocated to each user regardless of how
many antennas are allocated to user. To this end, the trans-
mitter weights (normalizes) sm,t with ηm. Normalization fac-
tor ηm can be readily derived as ηm = 1/

√
γu such that∑

m∈Mu
E |ηmsm,t |2 = σ 2

x for all t .
Denote the received signal of user u at receive antenna n at

time t by rn,t,u, as shown in Table 7. Then, the receive sym-
bols with two receive antennas can be expressed as follows:

r1,1,u =
1
√
γu

 ∑
m∈Mu

h1,u,msm,1


+

∑
u′∈Mū

 1
√
γu′

∑
m′∈Mu′

h1,u,m′sm′,1

+ z1,1,u
(34a)

r1,2,u =
1
√
γu

 ∑
m∈Mu

h1,u,msm,2


+

∑
u′∈Mū

 1
√
γu′

∑
m′∈Mu′

h1,u,m′sm′,2

+ z1,2,u
(34b)

r2,1,u =
1
√
γu

 ∑
m∈Mu

h2,u,msm,1


+

∑
u′∈Mū

 1
√
γu′

∑
m′∈Mu′

h2,u,m′sm′,1

+ z2,1,u
(34c)

r2,2,u =
1
√
γu

 ∑
m∈Mu

h2,u,msm,2


+

∑
u′∈Mū

 1
√
γu′

∑
m′∈Mu′

h2,u,m′sm′,2

+ z2,2,u
(34d)

where the second summands in the right-hand side
of (34a)–(34d) are interference terms and zn,t,u is AWGNwith
zero mean and σ 2

z variance in the received signal rn,t,u.

B. COMBINING SCHEME
Each user combines its own signals received over two symbol
times, ignoring the interference signals. The STLC receiver of
user u directly combines {r1,1,u, r1,2,u, r2,1,u, r2,2,u} in (34a)
as follows:

r1,1,u − r∗2,2,u

=
1
√
γu

∑
m∈Mu

(
h1,u,msm,1 − h∗2,u,ms

∗

m,2
)

(35a)

+

∑
ū∈U
ū6=u

 1
√
γū

∑
m′∈Mū

(
h1,u,m′sm′,1 − h

∗

2,u,m′s
∗

m′,2

)
(35b)

+ z1,1,u − z∗2,2,u (35c)

− r∗2,1,u − r1,2,u

= −
1
√
γu

∑
m∈Mu

(
h∗2,u,ms

∗

m,1 + h1,u,msm,2
)

(35d)

−

∑
ū∈U
ū 6=u

 1
√
γū

∑
m′∈Mū

(
h∗2,u,m′s

∗

m′,1 + h1,u,m′sm′,2
)
(35e)

− z∗2,1,u − z1,2,u. (35f)

The first summands (35a) and (35d) are the weighted estimate
of intended signals x1,u and x2,u, respectively; the second and
third summands (35b) and (35e) are interference signals; and
the remaining summands (35c) and (35f) are AWGN. Substi-
tuting (33a) into (35a), the intended signal x1,u is derived as
follows:

1
√
γu

∑
m∈Mu

h1,u,m(h∗1,u,mx1,u − h
∗

2,u,mx
∗

2,u)

−
1
√
γu

∑
m∈Mu

h∗2,u,m(−h2,u,mx1,u − h1,u,mx
∗

2,u)

=
1
√
γu

∑
m∈Mu

(
|h1,u,m|2 + |h2,u,m|2

)
x1,u

=
√
γux1,u. (36)

Similarly, substituting (33a) into (35d), the intended signal
x2,u is obtained as

−
1
√
γu

∑
m∈Mu

h∗2,u,m(h1,u,mx
∗

1,u − h2,u,mx2,u)

−
1
√
γu

∑
m∈Mu

h1,u,m(−h∗2,u,mx
∗

1,u − h
∗

1,u,mx2,u)

=
√
γux2,u. (37)

As seen in (36) and (37), user u, whose signals are trans-
mitted through |Mu| antennas, achieves a diversity order
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of 2|Mu|. The STLC receiver does not need the full CSI
to combine the received signals, which we call blind com-
bining [1], yet it needs an effective channel gain

√
γu for

maximum likelihood detection in the subsequent processing.
Each user can be informed of the effective channel gain by
the Tx during a signaling or training period. Note that for
phase-shift-keying (PSK) symbol detection, even

√
γu is not

required.

C. SINR ANALYSIS
For the proposed multiuser STLC system, the received
SINR is analyzed under perfect and uncertain CSI
conditions.

1) SINR UNDER PERFECT CSI
To model the received SINR of users, we first rewrite the
interference in (35b) as

(35b) =
∑
ū∈U
ū6=u

(
1
√
γū

∑
m′∈Mū

((
h1,u,m′h

∗

1,ū,m′ + h
∗

2,u,m′h2,ū,m′
)

× x1,ū +
(
h∗2,u,m′h1,ū,m′ − h1,u,m′h

∗

2,ū,m′
)
x∗2,ū

))
and further derive it as follows:

(35b) =
∑
ū∈U
ū 6=u

 1
√
γū

∑
m′∈Mū

v1,ū,m′

 , v1,u

(38)

where v1,ū,m′ is the interference signal with respect to x1,u
from transmit antenna m′ that is allocated to user ū and
represented by a vector and matrix as

v1,ū,m′ =
[
h1,u,m′ h∗2,u,m′

] [h∗1,ū,m′ −h∗2,ū,m′
h2,ū,m′ h1,ū,m′

] [
x1,ū
x∗2,ū

]
(39)

and v1,u is the total interference with respect to x1,u.
Similarly, the interference in (35e) is derived as follows:

−

∑
ū∈U
ū 6=u

 1
√
γū

∑
m′∈Mū

(
h∗2,u,m′s

∗

m′,1 + h1,u,m′sm′,2
)

=

∑
ū∈U
ū 6=u

 1
√
γū

∑
m′∈Mū

v2,ū,m′

 , v2,u (40)

where v2,ū,m′ is the interference signal with respect to x2,u
from transmit antenna m′ that is allocated to user ū and
represented in vector and matrix form as

v2,ū,m′ =
[
h1,u,m′ h∗2,u,m′

] [ h∗2,ū,m′ h∗1,ū,m′
−h1,ū,m′ h2,ū,m′

] [
x∗1,ū
x2,ū

]
(41)

and v2,u is the total interference with respect to x2,u.

Substituting (36)–(41) into (35a), the combined signals at
user u are rewritten as follows:

r1,1,u − r∗2,2,u =
√
γux1,u + v1,u + z1,1,u − z∗2,2,u, (42)

−r∗2,1,u − r1,2,u =
√
γux2,u + v2,u − z∗2,1,u − z1,2,u. (43)

Noting that (z1,1,u − z∗2,2,u) ∼ CN (0, 2σ 2
z ) and (−z∗2,1,u −

z1,2,u) ∼ CN (0, 2σ 2
z ) in (42) because the sum of two inde-

pendent AWGNs is also an AWGN, and using that AWGN
is independent of the interference signals, we can derive the
received SINR of user u as follows:

SINRu =
γuσ

2
x

2σ 2
z + σ

2
v,u
, (44)

where σ 2
v,u = E |v1,u|2 = E |v2,u|2 is the average interference

power with respect to user u. From (44), we again verify
that STLC achieves a diversity order of 2M , i.e., full diver-
sity gain. The SINR of user u clearly depends on effective
channel gain γu and average interference power σ 2

v,u, and
they depend on antenna allocation. Concretely, the average
interference power is derived as follows (we derive it for
E |v1,u|2; the derivation for E |v2,u|2 is the same and omitted
here):

σ 2
v,u = E

∣∣∣∣∣∣∣∣
∑
ū∈U
ū 6=u

 1
√
γū

∑
m′∈Mū

v1,ū,m′


∣∣∣∣∣∣∣∣
2

(a)
=

∑
ū∈U
ū 6=u

 1
γū

∑
m′∈Mū

E |v1,ū,m′ |
2


(b)
=

∑
ū∈U
ū 6=u

σ 2
x

γū

∑
m′∈Mū

‖hū,m′‖2‖hu,m′‖2


(c)
= σ 2

x

∑
ū∈U
ū6=u

(∑
m′∈Mū

‖hū,m′‖2‖hu,m′‖2∑
m′∈Mū

‖hū,m′‖2

)
(45)

where (a) follows the fact that the interference signals caused
by different transmit antennas are independent each other; (b)
can be readily shown using (39); and (c) follows the definition
of γu in (31).

Using (45) to (44), we obtain the SINR of user u as a func-
tion of the allocated channel vectors, i.e., allocated antenna
setMu for all u ∈ U , as follows:

SINRu({Mu}) =
γuσ

2
x

2σ 2
z + σ

2
x
∑

ū∈U
ū 6=u

∑
m′∈Mū

‖hū,m′‖2‖hu,m′‖2

γū

.

(46)

Now, in order to derive the lower bound of SINR, we define
the strongest interference channel from user ū to user u as

κu,ū , max
m∈Mū

‖hu,m′‖2. (47)
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FIGURE 9. Normalized SINR evaluation for four arbitrary antenna
allocation cases, namely {Mu}1, {Mu}2, {Mu}3, and {Mu}4, when
U = 8, |Mu| = 100,∀u ∈ U , and σ2

x /σ
2
z = 20 dB.

Using κu,ū, the lower bound of SINR in (46) can be readily
derived as follows:

SINRu({Mu}) ≥
γuσ

2
x

2σ 2
z + σ

2
x
∑

ū∈U
ū 6=u

∑
m′∈Mū

‖hū,m′‖2κu,ū
γū

=
γuσ

2
x

2σ 2
z + σ

2
x
∑

ū∈U
ū 6=u

κu,ū

≥
γuσ

2
x

2σ 2
z + σ

2
x (0u − γu)

(48)

where 0u is the sum of channel gains from all transmit
antennas to user u, i.e.,

0u ,
∑
u′∈U

∑
m∈Mu′

‖hu,m‖2. (49)

Noting that 0u is independent of Mu, we see that the SINR
lower bound (48) of user u is now decoupled from other users’
SINRs, and thus, the SINR lower bound can be separately
maximized by designing Mu such that it maximize γu.
This motivates us to consider a simple antenna allocation

algorithm that intends to maximize γu in Section VI-D. Here,
the lower bound is not necessarily tight because the antenna
allocation problem is a combinatorial problem in which all
the combinations have a similar tightness. Actually, the lower
bound is not tight in the considered application with large
|Mu| because in (48), the first equality holds if |Mu| = 1
for all u and/or ‖hu,m′1‖ = ‖hu,m′2‖,∀m

′

1, m
′

2 ∈Mu, where
m′1 6= m′2; the second equality holds if |Mu| = 1 for all u.
However, the lower bound can be used as a relevant metric

in antenna allocation design, even for an STLC system with
large |Mu|, as verified in Fig. 9. Here, we show the nor-
malized SINRs for four arbitrary antenna allocations when
U = 8 and |Mu| = 100,∀u ∈ U . The normalization is
performed by the maximum SINRs. Although we observe

that before normalization, the lower bound in (48) is not tight,
as shown in Fig. 9, its behavior across users is almost identical
to that of (46). Therefore, the SINR lower bound in (48) can
be used to design antenna allocation.

2) SINR UNDER UNCERTAIN CSI
We derive the SNR of STLC under channel uncertainty from
the estimate of x1,u (a similar procedure can be applied x2,u
to obtain the same result). Applying the channel uncertainty
model in Section V to (33a), namely,

sm,1 = h̃∗1,u,mx1,u − h̃
∗

2,u,mx
∗

2,u (50a)

sm,2 = −h̃∗2,u,mx
∗

1,u − h̃
∗

1,u,mx2,u (50b)

for allm ∈Mu and u ∈ U , the estimate of x1,u can be derived
from (35a) as follows:

x̃1,u =
1
√
γ̃u

(r1,1,u − r∗2,2,u)

=
γu

γ̃u
x1,u +

1
γ̃u

∑
m∈Mu

(
h1,u,mε∗1,u,m + h

∗

2,u,mε2,u,m
)
x1,u

+
γu

γ̃u
x1,u+

1
γ̃u

∑
m∈Mu

(
h∗2,u,mε1,u,m−h1,u,mε

∗

2,u,m
)
x∗2,u

+
1
√
γ̃

∑
ū∈U
ū 6=u

 1
√
γ̃ū

∑
m′∈Mū

ṽ1,ū,m′


+

1
√
γ̃u

(
z1,1,u − z∗2,2,u

)
(51)

where γ̃u =
∑

m∈Mu
|h̃1,u,m|2 + |h̃2,u,m|2 is the estimated

effective channel gain of user u and ṽ1,ū,m′ is the interference
term that includes the channel uncertainty, derived similarly
to (39) as

ṽ1,ū,m′ =
[
h1,u,m′ h∗2,u,m′

] [h̃∗1,ū,m′ −h̃∗2,ū,m′
h̃2,ū,m′ h̃1,ū,m′

][
x1,ū
x∗2,ū

]
.

(52)

Note again that only γ̃u is required for user u, not the full CSI,
and that even the partial CSI γ̃u is not required for user u if
PSK constellation is used.

Comparing x1,u and the estimate x̃1,u in (51), the SINR of
user u under uncertain channel presence is further derived to
a function of channel uncertainty σ 2

ε as (53a) at the bottom
of next page (the detailed derivation is omitted here), where
S , |Mu|,∀u ∈ U . Clearly, whenCSI is perfect, i.e., σ 2

ε = 0,
the SINR in (53a) reduces to (44). Following a similar pro-
cedure to derive the lower bound of SINR when the CSI is
perfect, the lower bound of SINR in (53a) is further derived
as (53b), as shown at the bottom of the next page. Indeed,
when the CSI is perfect, i.e., σ 2

ε = 0, the SINR lower
bound in (53b) reduces to (48). Because (53b) is obviously
a proportional function of γu, the SINR lower bound of user
u can be maximized by designingMu such that it maximizes
γu, as is the case when the CSI is perfect.
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FIGURE 10. SINR evaluation when σ2
x /σ

2
z = 15 dB and M = US. (a) Across the number of users U when S = 10 and S = 100. (b) Across the number

of antennas allocated to each user, S, when U = 6 and U = 8.

3) VERIFICATION OF ANALYSES
For the verification of the analyses in (46) and (53a), as
shown at the bottom of this page, in Fig. 10, the average
SINRs over users are evaluated by Monte Carlo simulation
and compared with the analytical results. We assume that
S antennas are allocated to each UE and M = US. Here,
the ((u−1)S+1)th to the (uS)th antennas are allocated to user
u and σ 2

x /σ
2
z = 15 dB. For the uncertain channel condition,

the MSE of channel estimation is set to 0.1, i.e., σ 2
ε = 0.1.

In Fig. 10(a), the SINRs are evaluated across the number of
users U when S = 10 and S = 100. These comparisons can
be used to validate the analysis. As we observe in the results,
the proposed STLC is robust against channel uncertainty.
Furthermore, the CSI uncertainty effect, i.e., SINR degrada-
tion from the SINR when σ 2

ε = 0, decreases as the number
of users U increases and the SINR decreases as U increases
for a given S because of the increased interference signals.
From this observation, we can conjecture that the multiuser
interference affects the received SINRmore severely than the
channel uncertainty in an STLC system.

In Fig. 10(b), the SINRs are evaluated across S, the num-
ber of antennas allocated to each user, when U = 6 and
U = 10. The comparisons show that the SINR increases
as S increases for fixed U as the diversity gain increases.

This observation matches expectations and the analysis is
validated. Note that the channel uncertainty effect increases
as S increases. The potential of diversity gain increases and
the loss of the achieved diversity gain from the channel
uncertainty also increases.

D. PROPOSED ANTENNA ALLOCATION ALGORITHMS
Obviously, the SINR of user u in (46) or (53a) is maximized
when all transmit antennas are allocated to it, i.e.,Mu =M
and Mū = ∅, ∀ū ∈ U , where ū 6= u. However, other users
cannot transmit at all because SINRū = 0, ∀ū, which is
unfair, and the average QoE becomes very poor. Using each
user’s SINR derived in (53a), an antenna allocation problem
in order to maximize an objective function f (·) of the SINR
is formulated as follows:

{M∗
u} = argmax

{Mu}

f
({

SINRu({Mu, σ
2
ε })
})

(54)

where the objective function f ({qu}) is a mean function, e.g.,

f ({qu}) :=


1
U

∑
u qu, single user target

1
U

∏
u qu, fairness target

1
U

∑
u[qu − τu]

+, QoE target.

(55)

SINRu

(
{Mu}, σ

2
ε

)
=

(
γu + 2Sσ 2

ε

)
σ 2
x

2σ 2
z + σ

2
x

(
2σ 2ε (2S2σ 2ε +γu)

2Sσ 2ε +γu
+
∑

ū∈U
ū 6=u

∑
m′∈Mū

(
‖hū,m′‖2+2σ 2ε

)
‖hu,m′‖2

γū+2Sσ 2ε

) (53a)

≥

(
γu + 2Sσ 2

ε

)2
σ 2
x

2(ES0u + 2σ 2
z )Sσ 2

ε + 4σ 2
x S2σ 4

ε +
(
2σ 2

z + σ
2
x 0u + (1− S)σ 2

x σ
2
ε

)
γu − σ 2

x γ
2
u

(53b)

, SINRu({Mu}, σ
2
ε )
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Here, τu is an SINR threshold that is required for the qual-
ity experience of user u and [x]+ is a QoE indicator func-
tion that yields a one if x ≥ 0, and otherwise yields a
zero.

The QoE is a real value between zero and one, where a
zero QoE means that no one achieves the QoE, while a QoE
of one represents that all users achieves their own QoE. Here,
it is worth noting that τu differs over users because each user
has its own sensitivity and desired levels. Threshold τu is set
to be a large value for a user who is sensitive to noisy service
and, to avoid the noisy service, may subscribe an expensive
service plan from a service provider. In contrast, τu is set to
be a small value for a user who is insensitive to poor service
and subscribes to an inexpensive service plan. The average
QoE in (55) will be used as the performance metric in this
study.

The optimization problem in (54) is clearly a nonlinear
and nonconvex problem, which is formidable to solve with a
closed form solution. Although (54) is a combinatorial prob-
lem, which can be optimally solved by a numerically exhaus-
tive search, the search complexity is typically prohibitive. For
example, even for the case when |Mu| = S,∀u ∈ U andM =
SU , the number of candidates is

(M
S

)(M−S
S

)
· · ·
(M−(U−1)S

S

)
=

M !/(S!)U , which increases exponentially as M increases for
a given S and/or U . To reduce the computation complexity
in the optimal antenna allocation search, a number of simple
greedy-based algorithms are proposed based on the SINR
lower bound in (53b). Maximizing the SINR lower bound
of each user, i.e., max q

u
, generally increases any objective

function in (55). Note that the proposed algorithms focus on
howmany users satisfy the predeterminedQoE-assured SINR
target τu not how big the SINR achieved for each user. The
average QoE improvement from the proposed algorithms is
verified in the next subsection.

1) USER-DOMAIN GREEDY
Antenna allocation is performed for a specific user to achieve
the specific target SINR, and then is performed for another
user. In each allocation, one specific user’s SINR is max-
imized by allocating the best transmit antenna in a greedy
manner. The user selection can be implemented based on
either channel quality, i.e., ‖hu,m‖, or QoE parameter {τu}.
The former approach is called a channel-quality-based (CQB)
approach, which is a typical resource management method in
order to maximize QoE. For the latter approach, a high-QoE-
first (HQF) approach that allocates antennas to a user with a
higher τu and a low-QoE-first (LQF) approach that allocates
antennas to a user with a lower τu are considered. The HQF
approach is reasonable because a large τu implies a higher
priority and the requirements that are relatively stringent may
be fulfilled by prior antenna allocation. In contrast, the LQF
is also reasonable because the users with low τu have a
QoE that can be relatively easily satisfied, and thus, prior
antenna allocation may increase the number of users who
have their QoE satisfied. The numerical results (omitted in

the paper) show that the HQF and LQF approaches achieve
similar average QoE and slightly outperform the CQB
approach.

2) ANTENNA-DOMAIN GREEDY
As pointed out at the end of Section VI-C.1, the SINR lower
bound can be used to design the antenna allocation sets
{Mu}. Because the SINR lower bound is proportional to γu,
we select the largest ‖hu,m‖ for user u such that γu in (31)
is maximized. Based on this strategy, greedy-based antenna
allocation algorithms are proposed. For fairness among the
users with respect to spatial resources, i.e., the number of
allocated antennas, and for a tractable problem, we assume
that the same number of transmit antennas is allocated to
each user, i.e., |Mu| = S , M/U , ∀u ∈ U . For a simple
derivation, we set M = SU and S is an integer.

3) PROPOSED GREEDY-BASED ANTENNA ALLOCATION
ALGORITHMS
Considering the user-domain and antenna-domain greedy
strategies, the following two algorithms are proposed:

• AG: Determine one user and allocate S antennas in a
greedy manner, and repeat the procedure until S anten-
nas are allocated to each of the U users.

• UG: Determine one antenna and allocate it to a user in
greedy manner, discard the user and repeat this proce-
dure with the remaining users until there are no users
remaining. Repeat this procedure until S antennas are
allocated to each of the U users.

The proposed antenna allocation algorithms, namely AG
and UG, are summarized in Algorithms 1 and 2, respectively.

E. SIMULATION RESULTS
For the comparison, the following three benchmarking sys-
tems were considered.

• MRTC: Using CSI at the transmitter and receiver,
the MRT is performed for a larger-norm channel
vector [21], [22] and MRC is applied for two received
signals in order to achieve the maximum SNR [7]. As
shown in Sections III and IV the MRTC outperforms
STLC for a single user communication scenario if the
CSI is perfect.

• GZF: Using CSI at a transmitter, space division multiple
access (SDMA) precoding, i.e., the conventional zero-
forcing (ZF) block-diagonalization, can be considered
to support multiple users. From the SDMA precoding,
multiuser channels are decomposed into multiple single
user MIMO channels and multiuser interference can be
eliminated. Then, the SVD approach is applied to each
single-user MIMO channel, which is an optimal scheme
for a single user MIMO with CSI at the transmitter and
receiver in terms of the received SNR [16] and capac-
ity [33]. This scheme scheme is termed generalized ZF
(GZF) and it is relatively tractable in computational
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Algorithm 1 Antenna-Greedy (AG)
1. initial setup: M = {1, . . . ,M}, U = {1, . . . ,U}, and

Mu = ∅, ∀u ∈ U
2. input: channel vectors hu,m ∈ C2×1, ∀u ∈ U , ∀m ∈M

3. output: set of antenna allocations, i.e.,Mu, ∀u ∈ U
4. for i = 1 : U do
5. find an antenna m∗ that provides the strongest chan-

nel gain to the corresponding user u∗, i.e., {u∗,m∗} =
argmax
u∈U ′,m∈M

‖hu,m‖2, where U ′ ⊆ U is a subset of U

constructed by either the HQF or LQF (or CQB)
approaches.

6. Allocate m∗ to u∗, and update Mu∗ =Mu∗ ∪ {m∗}
7. for j = 1 : S do
8. update the antenna set, i.e., M =M \ {m∗}
9. find an antenna m∗ that provides the

strongest channel gain to user u∗, i.e., m∗ =
argmax
m∈M

‖hu∗,m‖2

10. Allocate m∗ to u∗ and update the antenna sets,
i.e., M =M \ {m∗} and Mu∗ =Mu∗ ∪ {m∗}

11. end for
12. update user set: U = U \ {u∗}
13. end for

Algorithm 2 User-Greedy (UG)
1. initial setup, input, and output are the same as the

Algorithm 1
2. for i = 1 : S do
3. for j = 1 : U do
4. find an antenna m∗ that provides the strongest

channel gain to the corresponding user u∗,
i.e., {u∗,m∗} = argmax

u∈U ′,m∈M
‖hu,m‖2, where

U ′ ⊆ U is a subset of U constructed by either
HQF or LQF (or CQB) approaches.

5. Allocatem∗ to u∗ and update the sets, i.e.,Mu∗ =

Mu∗ ∪ {m∗}, U = U \ {u∗},M =M \ {m∗}
6. end for
7. Initialize the user set as U = {1, . . . ,U}
8. end for

complexity for a massive MIMO system compared to
other multiuser MIMO schemes, such as dirty paper
coding and vector perturbation schemes, [34].

• STLC-random: For a multiuser STLC system, S trans-
mit antennas are randomly allocated to each user. The
STLC-random represents a multiuser STLC system
without antenna allocation, which is the QoE lower
bound of a multiuser STCL system with antenna allo-
cation.

Throughout the simulation, CQB is used for user selection
with AG and UG. As the performance metric for the compar-
ison, the average QoE in (55) is used.

FIGURE 11. QoE across SINR threshold τ when σ2
x /σ

2
z = 20 dB, S = 100,

and M = SU . (a) U = 4. (b) U = 10.

1) HOMOGENEOUS USER PROFILE
In Fig. 11(a), a homogeneous user profile is considered for
four users. In the homogeneous user profile scenario, the tar-
get SINRs of all users are set to be equal, i.e., τu = τ

for all u ∈ U . For channel uncertainty in the evaluation,
two MSE values are considered, namely σ 2

ε = 0.1 for
very uncertain CSI and σ 2

ε = 10−5 for accurate CSI. The
MRTC and GZF schemes show different QoE-τ trends from
those of STLC-based methods. Specifically, GZF achieves
the best QoE performance when the CSI is accurate. Even
though the GZF scheme achieves the best QoE when CSI
is perfect, its computational complexity O(M3) is much
greater than O(M ), which is the complexity order of the
STLC-based methods. However, the GZF performance dete-
riorates severely when the CSI is uncertain because of the
failure to eliminate multiuser interference signals. A similar

VOLUME 6, 2018 977



J. Joung: STLC for Massive MIMO and Multiuser Systems With Antenna Allocation

FIGURE 12. QoE across the number of allocated antennas per user, S,
when σ2

x /σ
2
z = 20 dB and M = SU . (a) U = 4. (b) U = 10.

observation regarding the severe performance degradation
caused by uncertain CSI in nonlinear processing is shown in
Section V. All schemes except for the GZF scheme ignore
multiuser interference signals in the pre/post-processing
design. Thus, the performance depends on how much the
intended channel gain is improved. Observing the largest τ
with perfect QoE (= 1), when CSI is uncertain, the proposed
STLC-based methods outperform MRTC and GZF. In partic-
ular, the STLC-UG scheme achieves the best QoE.

In Fig. 11(b), 10 users, i.e., U = 10, are consid-
ered. As U increases, generally, the QoE decreases because
of the increase of multiuser interference (except for the
GZF scheme, which manages this interference), and sim-
ilar results are observed as when U = 4 in Fig. 11(a).
The performance degradation from the CSI uncertainty is
relatively small (except for the GZF scheme) because the

multiuser interference is dominant. In amoderate target SINR
region (lower than 14 dB), the proposed STCL-UG achieves
the best QoE.

2) MIXTURE QoE SCENARIO
In Fig. 12, a mixture of different target SINRs for different
users, i.e., a heterogenous user profile scenario, is considered
as follows: {τ1 = 5 dB, τ2 = 7 dB, τ3 = 10 dB, τ4 = 15 dB}
for the simulation shown in Fig. 12(a) and {τu = (u+ 1) dB}
for the simulation shown in Fig. 12(b). For a fixed τu, the aver-
age QoE is evaluated across the number of allocated antennas
per user, i.e., S. In the mixture QoE scenario, the proposed
STLC-UG achieves a QoE of one, like the GZF scheme when
S is greater than about 50. Similarly, we can conjecture that
an STLC-AG also achieves a QoE of one if S keeps increas-
ing. This is because the effective channel gain from antenna
allocation increases as S increases. Furthermore, when the
CSI is uncertain and S is large, the STLC-UG outperforms
even the GZF scheme. Here, it is worth emphasizing again
that the computational complexity order of the STLC-based
schemes is linear in S, i.e.,O(M ) = O(S) for a given number
of users. Therefore, the proposed STLC-based schemes can
be a relevant potential candidate for a massive MIMO system
supporting multiple users.

VII. CONCLUSION
In this study, we verified the benefits of the proposed full-
spatial-diversity-achieving STLC over MRTC and/or MEB
schemes as follows: i) low computational complexity at the
transceiver, ii) no or partial CSI required at the receiver, and
iii) robustness against CSI uncertainty. With those benefits,
the proposed STLC scheme achieves comparable perfor-
mance to MRTC and MEB schemes. The STLC scheme was
then applied to a system supporting multiple users. Consider-
ingmultiuser interferences and channel uncertainty, the SINR
of each user and its lower bound were analyzed and the
analyses were numerically verified. To improve SINR and
QoE, we proposed algorithms that allocate transmit anten-
nas to each user based on the SINR lower bound. Through
rigorous simulation, it was validated that the multiuser STLC
with the proposed antenna allocation is robust against channel
uncertainty and can achieve the best QoE if the number of
transmit antennas is sufficiently large. The results in this
study showed that the STLC can be a potential candidate for
anM -by-2 (multiuser) massiveMIMO systems. The practical
implementation of the basic idea of STLC in this study, using
digital signal processors (DSPs) and/or field programmable
gate arrays (FPGAs), is one of the interesting topics for
further study.
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