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ABSTRACT In this paper, a novel power amplifier (PA) shuffling method is proposed for a space-time line
code (STLC) system with uneven PA gains. The proposed method is composed of pre-shuffling and post-
shuffling, which represent the assignment of STLC symbols to PAs and the allocation of PAs to transmit
antennas, respectively. Through these shuffling procedures, the proposed scheme matches the larger gain
PA to the larger effective channel gain with STLC in order to maximize the STLC decoding signal-to-noise
ratio (SNR). A theoretical analysis provides a formula to compute the decoding SNR, and it is shown through
numerical simulations that the proposed PA shuffling method can significantly improve the performance of
conventional STLC systems, regardless of the channel state information uncertainty, especially when the
number of transmit antennas is large.

INDEX TERMS Space-time line code, power amplifier shuffling, asymmetric power amplifier.

I. INTRODUCTION
An antenna shuffling (Ant-S) transmitter maps the coded data
streams to the proper antennas according to the shuffling pat-
tern selected by feedback information from the receiver. The
Ant-S can substantially improve the received signal-to-noise
ratio (SNR) and the throughput of multi-antenna systems,
such as double space-time transmit diversity (DSTTD) sys-
tems [1], [2] and quasi-orthogonal space-time block code
(STBC) systems [3], [4]. On the other hand, asymmetric
power amplifiers (PAs) with uneven gains are employed for
high energy efficiency [5]–[7]. The uneven PA gains can
also be caused by an unintentional impairment of analog
parts [8], such as impedance mismatches and/or signal reflec-
tions. When the PAs have uneven gains at an orthogonal-
STBC system, the Ant-S method can also improve the energy
efficiency [9] as well as the spectral efficiency [10].

Recently, a space-time line code (STLC) was proposed to
achieve full-spatial-diversity gain [11]–[14], as a counterpart
of the STBC. The STLC transmitter encodes the information
symbols by using channel state information (CSI), so that the
receiver can achieve full spatial diversity just by combining
the received signal without the full CSI. The full-spatial-
diversity schemes including the STLC completely cover
four communication scenarios/configurations. For example,
the full-spatial-diversity achieving schemes with the diversity

FIGURE 1. Categorization of full-spatial-diversity schemes when the
maximum diversity order is two.

order two are categorized as shown in Fig. 1 and summarized
as follows (refer to [11] and [12] for details):
• Maximum ratio combining (MRC): using 1 × 2
antenna configuration, CSI is available only at the
receiver (Rx) [15]–[19].

• Maximum ratio transmission (MRT): using 2 × 1
antenna configuration, CSI is available only at the
transmitter (Tx) [20]–[22].

• STBC: using 2× 1 antenna configuration, CSI is avail-
able only at the Rx [23]–[26].

• STLC: using 1 × 2 antenna configuration, CSI is avail-
able only at the Tx [11]–[14].

Along with the full-spatial-diversity gain of the STLC
method, the STLC provides various merits, such as the
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complexity reduction of the receiver [11], interference
mitigation [12], [14], and peak-to-average-power ratio reduc-
tion under per-antenna power constraints [13].

In this paper, motivated by the Ant-S and STLC, we devise
a novel PA shuffling (PA-S) method to further improve the
performance of STLC systems that employ the uneven PAs.
To allocate PAs to the proper effective channels with the
STLC, pre- and post-shuffling matrices are required before
and after the PAs, respectively. It is shown that the pre- and
post-shuffling matrices are the symmetric binary matrices.
The shuffling matrix is optimally designed to maximize the
STLC decoding SNR, and it is revealed out that the optimal
strategy for PA allocation is to map a larger gain PA to the
large effective channel gain after STLC decoding process.
Since the CSI is basically assumed to be available at the
STLC transmitter [11], [12], [14], the allocation can be read-
ily found at the STLC transmitter without any additional
feedback or signaling process. However, additional switches
are required to implement the PA-S, and thus the switch
insertion loss is inevitable [27]–[30]. Nevertheless, as verified
by numerical results, the proposed PA-S method can signif-
icantly improve the bit-error-rate (BER) performance of the
conventional STLC system that does not employ the PA-S.
Furthermore, performance degradation caused by CSI uncer-
tainty has been investigated. Two types of uncertainties are
considered: i) the CSI estimation error at the transmitter under
a time division duplex (TDD) mode and ii) the CSI quantiza-
tion error at a receiver for the feedback to a transmitter under
a frequency division duplex (FDD) mode. Numerical results
verify that the proposed PA-S STLC outperforms the conven-
tional STLC, regardless of the type of channel uncertainties.
In summary, the main contributions of this study are listed as
follows:
• A novel PA-S method composed of pre- and post-
shuffling procedures is proposed.

• An optimal PA-S strategy is designed to maximize the
STLC decoding SNR. It is shown that the optimal PA-S
matches the mth largest PA gain to the mth largest effec-
tive channel gain of the STLC, for 1≤m≤M , where M
is the number of transmit antennas.

• A formula is derived to compute the theoretical decoding
SNR of the proposed optimal PA-S method.

• Through numerical simulations, it is verified that the
proposed PA-S scheme can significantly improve the
BER performance, regardless of the CSI uncertainty that
caused by the channel estimation errors or quantization
errors.

Notation: Throughout the paper, for any vector or matrix,
the superscripts ∗ and T denote complex conjugate transpo-
sition and transpose, respectively; the notation ‖x‖ denotes
the two norm (Euclidean norm) of vector x; Im and 0m
represent an m-by-m identity and zero matrices, respectively;
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; and E stands for the expectation of a random
variable.

FIGURE 2. Ant-S (post-shuffling) when antennas are not shuffled.

FIGURE 3. Ant-S (post-shuffling) when antennas are shuffled.

FIGURE 4. PA-S (pre- and post-shuffling) when PAs are not shuffled.

FIGURE 5. PA-S (pre- and post-shuffling) when PAs are shuffled.

II. POWER AMPLIFIER SHUFFLING METHOD
In this section, we introduce a new PA-S scheme, when two
transmit antennas are connected to two PAs with uneven
gains. Different from a conventional transmit antenna shuf-
fling method (e.g., [2], [9], [10]), which requires post-
shuffling after the amplification, the PA shuffling requires
pre- and post-shuffling procedures described as F and FT .
The shuffling matrix F ∈ RM×M is defined as

F =
[
f 1 f 2 · · · fM

]T
, (1)

where f m ∈ RM×1 is a binary vector such that
∑M

i=1 fi,m = 1,
i.e., only one element is ‘1’ and the others are ‘0’s. IfF = IM ,
the PA-S is deactivated. For clarification, the conventional
Ant-S, the new PA-S, and no shuffling cases are presented
in Figs. 2–5, where two encoded symbols s1 and s2 are trans-
ferred through two transmit antennas. The transmitter has two
PAs, PA1 and PA2, whose gains are g1 and g2, respectively.
From Figs. 2–5, we can readily obtain the received signals
from two transmit antennas, u1 and u2, for each case as
follows:
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(a) u1 = s1g1h1 and u2 = s2g2h2 (no Ant-S)
(b) u1 = s1g1h2 and u2 = s2g2h1 (Ant-S)
(c) u1 = s1g1h1 and u2 = s2g2h2 (no PA-S)
(d) u1 = s1g2h1 and u2 = s2g1h2 (PA-S)
Here, we see that the Ant-S switches the channel gains, while
the PA-S switches the PA gains. Comparing (a) and (c), it is
obvious that no Ant-S and no PA-S are identical to each other.
On the other hand, suppose that g1 6= g2. Then, whether (b)
and (d) are identical or not depends on how s1 and s2 are
generated, i.e., the encoding scheme. If the encoded symbols
s1 and s2 are independent of the channel gains, which is
assumed in conventional systems, (b) and (d) are identical
to each other, and the Ant-S for orthogonal STBC systems
using uneven PAs is a good example [10]. However, if s1 and
s2 are encoded by using the channel gains h1 and h2, (b) and
(d) can be different, i.e., the Ant-S and PA-S methods have
different performances. Clearly, the Ant-S is a special case
of the PA-S. Note that the PA-S is also different from the PA
switching that switches or selects PAs for a single antenna
before the amplification (see [5], [6]).

III. PROPOSED PA-S FOR STLC SYSTEMS
Consider an STLC system that consists of a transmitter with
M antennas and a receiver with two antennas, as illustrated
in Fig. 6. There are M PAs with uneven gains at the trans-
mitter, and they are shuffled according to the matrix F in (1).
Denote the index of a nonzero element of f m be im ∈M =

{1, 2, . . . ,M}. Then, im should satisfy the following condi-
tions C1 and C2 from the definition of F:

C1. im 6= im′ , if m 6= m′.
C2.

⋃M
m=1{im} =M.

The transmitter constructs the shuffling matrix F (or equiva-
lently {im}) which is designed using the CSI.
In the following subsections, we define the signal model

for an STLC system with PA-S, derive the maximum likeli-
hood (ML) decoding method, and finally, propose a design
method for the shuffling matrix F.

A. SIGNAL MODEL FOR PA-S-BASED STLC
Let hn,m be the channel gain between the mth transmit
antenna and the nth receive antenna, where m ∈ M and
n ∈ N = {1, 2}. The channel hn,m is an independent and
identically distributed (i.i.d.) complex Gaussian random vari-
able with zero mean and unit variance, i.e., hn,m ∼ CN (0, 1).

Let us define x = [x1, x2]T ∈ C2×1 as the infor-
mation symbols transferred through the 2 × M channel,
where E[x1] = E[x2] = 0 and E[xxH ] = I2. When
the STLC is used, the transmitter generates the symbols
encoded for the mth transmit antenna, using the CSI of
hm = [h1,m, h2,m]T ∈ C2×1, as follows [11], [12]:[
s∗1,m
s2,m

]
=

1
‖hm‖

[
h1,m h2,m
h∗2,m −h1,m

] [
x∗1
x2

]
, ∀m ∈M, (2)

where st,m is the STLC symbol transmitted through the mth
transmit antenna at time t , such that E

∣∣st,m∣∣2 = 1, ∀m ∈M.

The mth PA gain including the gain variation at multiple
transmit RF chains is denoted as gm, and the PA gain matrix
G is defined as

G = diag(g1, g2, · · · , gM ). (3)

Without loss of generality, it is assumed that the PA gains are
sorted in descending order; i.e., g1 ≥ g2 ≥ · · · ≥ gM .
When the proposed PA-S method is applied to the STLC

system, st = [st,1, · · · , st,M ]T ∈∈ CM×1 is multiplied by
the matrices F, G, and FT , and the resultant signal vector
ut = FTGFst ∈∈ CM×1 is transmitted through M antennas
at time t , where t = 1, 2. Consequently, the Consequently,
the received signal at time t is denoted as

yt = [yt,1, yt,2]T

= Hut + wt
= HFTGFst + wt , (4)

where yt,n is the received signal at the nth antenna at time t;
the channel matrix H = [h1,h2, · · · ,hM ]; and wt =
[wt,1,wt,2]T is an i.i.d. complex additive white Gaussian
noise (AWGN) vector with zero mean and variance σ 2

w,
i.e., w ∼ CN (0, σ 2

wI2).

B. DECODING FOR PA-S-BASED STLC
From (4), the PA-S matrices can be expressed as

FTGF = [f 1, f 2, · · · , fM ]


g1 0 · · · 0

0 g2
. . .

...
...

. . .
. . . 0

0 · · · 0 gM



f T1
f T1
...

f TM


=

M∑
m=1

gmf mf
T
m. (5)

Clearly, we see that the PA-S matrix
∑M

m=1 gmf mf
T
m is a diag-

onal matrix whose imth diagonal element is gm. Substituting
(5) into (4), the receive signal vector is rewritten as follows:[
yt,1
yt,2

]
=
[
h1 · · · hM

] M∑
m=1

gmf mf
T
mst + wt

=

M∑
m=1

gmhimst,im + wt , t ∈ {1, 2}, m ∈M. (6)

By substituting (2) into (6), the received signals are denoted
as follows:

y1,1 =
M∑
m=1

gmh1,im
‖him‖

(
h∗1,imx1 + h

∗

2,imx
∗

2
)
+ w1,1, (7a)

y1,2 =
M∑
m=1

gmh1,im
‖him‖

(
h∗2,imx

∗

1 − h
∗

1,imx2
)
+ w1,2, (7b)

y2,1 =
M∑
m=1

gmh2,im
‖him‖

(
h∗1,imx1 + h

∗

2,imx
∗

2
)
+ w2,1, (7c)

y2,2 =
M∑
m=1

gmh2,im
‖him‖

(
h∗2,imx

∗

1 − h
∗

1,imx2
)
+ w2,2. (7d)
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FIGURE 6. Proposed PA-S-based STLC system with uneven gains. The mth PA has gain gm, where
g1 ≥ g2 ≥ · · · ≥ gM .

FIGURE 7. Example of the proposed PA-S-based STLC system with M = 3 when g1 ≥ g2 ≥ g3 and
‖h2‖ > ‖h3‖ > ‖h1‖.

Then, the receiver combines the received signals in (7) for the
STLC decoding as follows [11]–[13]:

y1,1 + y∗2,2 = λ(im)x1 + w1,1 + w∗2,2, (8a)
−y1,2 + y∗2,1 = λ(im)x2 − w1,2 + w∗2,1, (8b)

where λ(im) is the effective channel gain defined as

λ(im) =
M∑
m=1

gm‖him‖. (9)

From the combined signals (8a) and (8b), x1 and x2 can be
separately recovered by the ML detection. Here, note that
the effective channel gain λ(im) is not required for phase-
shift keying (PSK) modulated symbol detection, while it is
obtained through blind estimation [31] or informed by the
transmitter for general modulation schemes.

C. PROPOSED PA-S METHOD
Now, we design the PA-S matrix F to maximize the instanta-
neous decoding SNR in (8). The SNR maximization problem
with respect to F, equivalently {im}, is formulated as follows:

{iom} = max
im∈M

λ(im)2

2σ 2
w

(10a)

s.t. im 6= in, if m6=n,
M⋃
m=1

{im} =M. (10b)

As shown in Appendix, the SNR in (10a) is maximized when
gm is mapped to the transmit antenna with the mth largest
channel gain. Remind that g1 ≥ g2 ≥ · · · gM . Precisely,
the optimal iom is defined as the order of {‖hm‖} when sorted
in descending order. For example, if M = 3 and ‖h2‖ >
‖h3‖ > ‖h1‖, the PA-S indices will be i1 = 2, i2 = 3, and
i3 = 1, such that the STLC signals generated with h2, h3, and
h1 will be amplified with gains g1, g2, and g3, respectively,
as depicted in Fig. 7. The fundamental role of the PA-S is the
same as that of the Ant-S in [2], [9], and [10], in which the PA
with the larger gain is assigned to the assigned to the transmit
antenna with the larger channel gain. In the PA-S, the PA
with the larger gain is mapped through pre-shuffling and
post-shuffling to the STLC symbol and the transmit antenna,
respectively, which have the larger effective channel gain for
the STLC.

D. SNR ANALYSIS OF PROPOSED PA-S METHOD
To derive the theoretical SNR for the proposed optimal PA-S
method, we define

Y =
M∑
m=1

gm
∥∥∥√2him∥∥∥ . (11)

Suppose that the PA gains {gm} are fixed. Since hn,m ∼
CN (0, 1), ‖

√
2him‖ follows the Chi distribution with four

degrees of freedom. Therefore, from the order statistics,
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the probability density function (PDF) of the sorted channel
norm Zm = ‖

√
2him‖ is denoted as

fZm (z) =
M !

(m−1)!(M−m)!
[1− FZ (z)]m−1[FZ (z)]M−mfZ (z),

(12)

whereFZ (z) and fZ (z) are the cumulative distribution function
(CDF) and PDF of the Chi distribution with four degrees of
freedom, respectively, which are given by

FZ (z) =
γ (2, z2/2)
0(2)

, (13a)

fZ (z) =
z3e−z

2/2

2 0(2)
, z ≥ 0. (13b)

Here, γ (·, ·) and0(·) are the incomplete and complete gamma
functions, respectively. Then, the mean squares of Y is
derived as follows:

E[Y 2] =

(
M∑
m=1

gmE[Zm]

)2

+

M∑
m=1

g2m Var[Zm], (14)

where Var[X ] means the variance of X , which can be evalu-
ated by only numerical integrations as there is no closed form
expression of them. Theoretical SNR is then be obtained by
dividing E[Y 2] by 4σ 2

w as follows:

SNR = E
(
λ(im)2

2σ 2
w

)

=
1

2σ 2
w

( M∑
m=1

gmE
[∥∥him∥∥]

)2

+

M∑
m=1

g2m Var
[∥∥him∥∥]

.
(15)

The analysis is verified through numerical comparison in
Section IV. Unfortunately, since closed-form solutions are
not available for E[Zm] and Var[Zm], the mean and variance
of Zm need to be evaluated by numerical integrations using
(12) and (13). Moreover, the theoretical SNR can be obtained
by dividingE[Y 2] by 4σ 2

w. As a special case, when the PA-S is
not used, the theoretical SNR in (15) is computed in a closed-
form as

SNR =

20(2.5)2

0(2)2

(
M∑
m=1

gm

)2

+

(
4− 20(2.5)2

0(2)2

) M∑
m=1

g2m

4σ 2
w

.

(16)

E. CSI UNCERTAINTY
By virtue of the channel reciprocity in a TDD system, the CSI
can be estimated at the transmitter by using the pilot/training
signals conveyed from the receiver. In a real system, however,
the reciprocity could be generally violated due to the impair-
ment of radio frequency (RF) circuits [32], [33] and the asym-
metric interference. Furthermore, the transmitter estimates
the full CSI by using the conventional channel estimation
methods, such as a minimum mean square error (MMSE)

estimator, using pilot/training signals transferred from the
receiver, resulting in the CSI estimation error. We denote an
uncertain CSI at the transmitter by h̃n,m , hn,m + ε, where
ε is the uncertainty or estimation error denoted as indepen-
dent and identically distributed (i.i.d.) zero-mean Gaussian
random variables with variance σ 2

ε . This model is valid when
the orthogonal pilot sequences are used for the MMSE-based
channel estimation [34]. Here, the MSE of the uncertainty is
represented as σ 2

ε , i.e. E |hn,m − h̃n,m|
2
= σ 2

ε [11], [12].
When STLC symbols in (2) are transmitted using the CSI

estimate h̃n,m, the received signals in (7) are rewritten as

ỹ1,1 =
M∑
m=1

gmh1,im
‖h̃im‖

(
h̃∗1,imx1 + h̃

∗

2,imx
∗

2

)
+ w1,1, (17a)

ỹ1,2 =
M∑
m=1

gmh1,im
‖h̃im‖

(
h̃∗2,imx

∗

1 − h̃
∗

1,imx2
)
+ w1,2, (17b)

ỹ2,1 =
M∑
m=1

gmh2,im
‖h̃im‖

(
h̃∗1,imx1 + h̃

∗

2,imx
∗

2

)
+ w2,1, (17c)

ỹ2,2 =
M∑
m=1

gmh2,im
‖h̃im‖

(
h̃∗2,imx

∗

1 − h̃
∗

1,imx2
)
+ w2,2, (17d)

and the combined received signals for decoding x1 and x2 are
denoted as

ỹ1,1 + ỹ∗2,2 = λ̃(im)x1 + ζ (im)x
∗

2 + w1,1 + w∗2,2, (18a)

−ỹ1,2 + ỹ∗2,1 = λ̃(im)x2 − ζ (im)x
∗

1 − w1,2 + w∗2,1, (18b)

Here, λ̃(im) and ζ (im) are the effective and the inter-symbol-
interference (ISI) channel gains, respectively, which are writ-
ten as follows:

λ̃(im) =
M∑
m=1

gm
‖h̃im‖

(h1,im h̃
∗

1,im + h̃2,imh
∗

2,im ), (19a)

ζ (im) =
M∑
m=1

gm
‖h̃im‖

(h1,im h̃
∗

2,im − h̃1,imh
∗

2,im ). (19b)

Assuming that the receiver operates without recognizing the
CSI error at the transmitter, and using the estimated effective
channel gain, i.e., λ̃(im) ≈

∑M
m=1 gm‖h̃im‖, x1 and x2 are

separately demodulated. Compared to the perfect CSI case,
the receiver performance is degraded because the channel
uncertainty causes the effective channel gain mismatch and
the ISI at the receiver. In general, the performance degrada-
tion of STLC by CSI error is identical to that of STBC [11].

The STLC receiver only requires the knowledge about the
effective channel gain λ̃(im). On the other hand, an FDD-
based STLC encoder necessitates CSI estimation at the
receiver and CSI feedback to the transmitter [35], [36]. How-
ever, if the amount of feedback bits is prohibitively huge, for
example, the massiveMIMO systems [41]–[44], the feedback
information needs to be limited to reduce the feedback over-
head. To this end, a codebook-based feedback [35], [37]–[40]
and a direct quantization of the CSI can be considered. Note
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FIGURE 8. BER performance of STLC systems when 1/σ2
w = 8 dB. The

exponential PA profile and 16-QAM are used and α = 0.5.

that the CSI obtained from the limited feedback information
has also uncertainty at the transmitter.

In Section IV-B, numerical results will verify that the
proposed PA-S STLC outperforms the conventional STLC in
both TDD and FDD modes with CSI uncertainty.

IV. SIMULATION RESULTS
In this section, we evaluate the BER of the proposed PA-S
schemes for STLC systems. For BER simulations, quadra-
ture amplitude modulation (QAM) is used. To generate
uneven PA gains, we consider an exponential profile [10]:
gm = η exp(−α(m −M )), where η is a normalization factor
such that

∑M
m=1 g

2
m = 1, i.e., the total transmit power is

one regardless of M , and α is a parameter representing the
variation of the PA gains. If α = 0, the profile provides
even PA gains. As α increases, the PA gains become more
uneven. For fairness, an additional switch insertion loss for
post-shuffling, δ, is considered for the proposed PA-S-based
STLC. From our survey, the insertion loss varies from 0.7 dB
to 2 dB [27]–[30]. In our simulation, we set δ = 1 dB if the
insertion loss exists.

A. PA-S WITH PERFECT CHANNEL STATE INFORMATION
In the simulation of this subsection, perfect CSI is assumed
for the PA-S and STLC.

Figs. 8 and 9 show the BER performance across the num-
ber of transmit antennas M , when 1/σ 2

w = 8 dB and
16-QAM is used. As shown in the results, the SNR analytical
results from (15) match well with theMonte Carlo simulation
results, especially when the switch insertion loss is nonzero
(δ = 1 dB), which is a typical and practical case of interest.
Here, note that the insertion loss can be directly applied to
the SNR analysis in (15) by substituting gm with gmδ. The
proposed PA-S method can effectively exploit the increased
channel dimension, i.e., spatial diversity, by optimally allo-
cating the PAs to the STLC symbols and the transmit antennas
according to the effective channel gains. This is verified from

FIGURE 9. BER performance of STLC systems when 1/σ2
w = 8 dB. The

exponential PA profile and 16-QAM are used and α = 1.

FIGURE 10. BER performance when M = 20, α = 1, and δ = 1 dB.

the fact that, as M increases, the BER of the PA-S-based
STLC decreases faster than that of the conventional STLC
without the PA-S. As presented in the figure, even with the
additional switch insertion loss, the proposed PA-S can still
provide significant performance gain, especially when M is
large. However, whenM is small, i.e.,M ≤ 10, the additional
switch insertion loss hinders the PA-S from improving the
BER performance. As M increases, the BER of the conven-
tional STLC is saturated earlier than the PA-S-based STLC,
because of the increment of the low gain PAs that rarely
contribute to the decoding SNR without proper shuffling.
On the other hand, as α increases from 0.5 in Fig. 8 to 1
in Fig. 9, the PA gains becomes more uneven, and thus the
performance improvement by the PA-S is observed with the
smaller number of PAs, i.e., the gain starts to appear when
M = 6 and it increases as M increases.

In Fig. 10, the BER performance is evaluated for various
σ 2
w’s whenM = 20, α = 1, and δ = 1 dB. As expected, even

though the additional switch insertion loss exists, the sub-
stantial improvement of the BER performance is observed

58496 VOLUME 6, 2018
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FIGURE 11. BER performance of a four transmit antenna system for
various uneven factors α when M = 20, 1/σ2

w = 12 dB, and δ = 1 dB.

by using the proposed PA-S regardless of σ 2
w. For example,

to achieve 10−3 BER for 16-QAM transmission, the proposed
method can achieve around 3 dB SNR gain. Here, the analysis
in (15) is verified again.

In Fig. 11, BERs are evaluated for various values of α when
M = 20, 1/σ 2

w = 12 dB, and δ = 1 dB. When α = 0,
i.e., the PA gains are even, no performance improvement is
obtained from the PA-S and the BER performance becomes
rather worse due to the switch insertion loss. In general, as α
increases, the performance of STLC schemes deteriorates
because of the increment of small-gain PAs that degrade the
effective channel gains at the receiver. However, the proposed
PA-S method achieves almost constant performance gain
regardless of α when α ≥ 1. Another interesting observation
is that the higher gain is achieved from the proposed PA-S as
the lower is the modulation size.

B. PA-S WITH CSI UNCERTAINTY IN TDD SYSTEMS
In the simulation of this subsection, uncertain CSI that is
caused by the estimation at the transmitter in a TDD mode
is assumed.

In Fig. 12, BER performance is shown when 1/σ 2
w = 8 dB

under CSI uncertainty. Here, the exponential PA profile with
α = 0.5 is assumed and 16-QAM are used. Insertion loss
δ = 1 dB is considered for PA-S. From the results, it is
observed that the STLC scheme is robust against the channel
uncertainty, as reported in [12]. Furthermore, in the results,
it is verified that the proposed PA-S STLC outperforms the
conventional STLC without PA-S regardless of the channel
uncertainty, especially, when the number of transmit antennas
is sufficiently large, namely, M > 10 when σ 2

ε ≤ 10−2 and
M > 6 when σ 2

ε > 10−2.
In Fig. 13, all simulation parameters except the PA uneven

parameter, i.e., more uneven PA gains with α = 1 in
this simulation, are the same as the parameters in Fig. 12.
Indeed, the proposed PA-S STLC outperforms the conven-
tional STLC without PA-S. Here, we further observe that the

FIGURE 12. BER performance of STLC systems when 1/σ2
w = 8 dB under

CSI uncertainty. The exponential PA profile and 16-QAM are used, α = 0.5,
and δ = 1 dB for PA-S.

FIGURE 13. BER performance of STLC systems when 1/σ2
w = 8 dB under

CSI uncertainty. The exponential PA profile and 16-QAM are used, α = 1,
and δ = 1 dB for PA-S.

minimum number of antennas such that the proposed PA-S
STLC outperforms the conventional STLC is reduced. From
this observation, we see that the PA-S is more effective (i.e.,
PA-S provides benefit even with small M ) when the PA is
more uneven. Moreover, it is observed that the BER of the
conventional STLC is quickly saturated, while that of the
proposed PA-S STLC is slowly saturated, as M increases.
In Fig. 14, BER performance is evaluated across CSI

uncertainty, i.e., MSE σ 2
ε . In the results, again, it is verified

that the STLC scheme is robust against channel uncertainty,
and that the proposed PA-S STLC scheme outperforms the
conventional STLC scheme without PA-S, regardless of the
CSI uncertainty.

C. PA-S WITH CSI UNCERTAINTY IN FDD SYSTEMS
In this subsection, the limited feedback is considered for
PA-S STLC system in an FDD mode. In the simulation,
the codebook-based method is not used due to the design
complexity in large-scale MIMO systems. Instead, a limited
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FIGURE 14. BER performance of STLC systems over MSE of channel
estimation, i.e., σε , when M = 20, 1/σ2

w = 8 dB, and 16-QAM is used.

FIGURE 15. BER performance of STLC systems when 1/σ2
w = 8 dB under

CSI uncertainty. The exponential PA profile and 16-QAM are used, α = 0.5,
and δ = 1 dB for PA-S.

feedback scheme is employed, in which b/2 bits are used for
representing the real and imaginary parts of each complex
channel element, respectively, i.e. each complex channel is
quantized with b bits. Thus, 2bM -bit feedback information is
used for theM -by-2 FDDSTLC system. The Lloyd algorithm
is used to optimally determine the quantization boundaries in
terms of minimizing the mean square distortion [45].

In Fig. 15, the BER for 16-QAM symbol transmission
is shown when 1/σ 2

w = 8 dB and α = 0.5 under the
CSI feedback scenario with various b. When the feedback
information amount is insufficient, i.e., when b = 2, or when
the number of transmit antennas is small, e.g., M < 14
for b = 4 and M < 10 for b = 6, the BER performance
of the proposed STLC system with PA-S is worse than that
of the conventional STLC system without PA-S. However,
as M or b increases, the performance of the STLC with
PA-S is gradually improved. Thus, the proposed method
exhibits the better BER performance than the conventional
STLC when M > 14 for b = 4 and M > 10 for

FIGURE 16. BER performance of STLC systems when 1/σ2
w = 8 dB under

CSI uncertainty. The exponential PA profile and 16-QAM are used, α = 1,
and δ = 1 dB for PA-S.

FIGURE 17. BER performance of STLC systems over MSE of channel
estimation, i.e., σε , when M = 20, 1/σ2

w = 8 dB, δ = 1 dB, and 16-QAM is
used.

b = 6, and the performance gain increases with the increment
of M and b.

In Fig. 16, all simulation parameters except the PA uneven
parameter are the same as the parameters in Fig. 15. We set
α = 1 for more uneven PA gains in this simulation. Similar
results are observed to those in Fig. 15. Comparing to Figs.
15 and 16, we observe that the required minimum number of
transmit antennas for achieving PA-S benefit is reduced from
14 to 6 for b = 4 and from 10 to 6 for b = 6. Thus, we can
surmise even with the limited feedback that the PA-S works
more effectively when the PA gains are more uneven.

To clarify the required feedback amount that provides the
PA-S benefit, the BER performances are compared for vary-
ing number of total feedback bits, i.e., 2Mb, in Fig. 17. Here,
we set M = 20 and 1/σ 2

w = 8 dBm. From the numerical
results, we observe that the proposed PA-S STLC has the
lower BER performance than the conventional STLCwithout
PA-S, if b ≥ 4. In other words, in order to achieve BER
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performance gain through the proposed PA-S, at least two-
bit quantization is required to represent the real or imaginary
part of one complex channel element.

V. CONCLUSION
In this paper, a novel PA-S method was proposed for an
STLC system with uneven PA gains. The optimal PA-S
scheme was designed to maximize the decoding SNR of
STLC symbols. Therefore, the proposed PA-S method can
improve the performance of STLC systems in the presence
of the intentional or unintentional variation of PA gains. The
performance improvement by the proposed PA-Swas verified
by numerical simulations. From the numerical results, it was
shown that the proposed PA-S can provide benefit regardless
of channel state information uncertainty, especially with a
large number of transmit antennas.

APPENDIX
OPTIMAL PA-S MAXIMIZING THE EFFECTIVE CHANNEL
GAIN OF STLC
This section shows that λ(im) in (10a) is maximized when gm
is mapped to the transmit antennawith themth largest channel
gain. Note that the PA gains are sorted in descending order,
i.e. g1 ≥ g2 ≥ · · · ≥ gM . When M = 2, we can compute the
difference of λ({1, 2}) and λ({2, 1}) from (9) as follows:

λ({1, 2})− λ({2, 1})

= (g1‖h1‖ + g2‖h2‖)− (g1‖h2‖ + g2‖h1‖)

= (g1 − g2)(‖h1‖ − ‖h2‖). (A.1)

From (A.1), λ(im) is maximized if g1 is mapped to
max(‖h1‖, ‖h2‖) and g2 is mapped to min(‖h1‖, ‖h2‖).
When M transmit antennas are used, suppose that
‖hk‖ > ‖hl‖ for k > l. Then, from (A.1), we may write

λ({i1, · · · , im1 , k, · · · , im2 , l, · · · , iM })

> λ({i1, · · · , im1 , l, · · · , im2 , k, · · · , iM }). (A.2)

From (A.2), if there exist any indices l and k satisfying
‖hk‖ > ‖hl‖ for k > l, the effective channel gain λ(im) is
increased by switching l and k , i.e. switching ‖hl‖ and ‖hk‖.
By repeating this procedure, the effective channel gain λ(im)
is maximized when the channel gains ‖h1‖, ‖h2‖, · · · , ‖hM‖
are sorted in descending order, i.e. ‖hs,1‖ ≥ ‖hs,2‖ ≥ · · · ≥
‖hs,M‖, where ‖hs,m‖ is the mth largest channel gain. This
concludes that λ(im) is maximized when gm is mapped to
‖hs,m‖ denoting the transmit antenna with the mth largest
channel gain.
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