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中 文 摘 要 ： 本團隊提出的新技術：空間排列調變(spatial permutation
modulation: SPM)應用於MIMO系統，連續獲得105年與106年科技部
補助。SPM將資料位元映射到QAM符元及排列數列(permutation
array)上，再根據排列數列裡的不同數字，於不同時間點開啟不同
的傳輸天線傳輸QAM符元。空間排列調變將資料擴散到整個空間與時
間平面，獲得空間與時間的加乘多樣性，有效提升傳輸品質。本次
計劃已有三篇期刊與一篇研討會錄取，於此同時，尚有一篇論文正
在被審稿。
我們完成了空間排列調變傳輸機的設計與理論分析。並應用理論分
析，提出了該如何設計QAM符元的調變、時空配置、排列數列等傳輸
參數，以上參數構成的空間排列調變設計空間維度很高，相當複雜
。為了最佳化空間排列調變傳輸，我們理論分析了傳輸錯誤率，利
用差動方程式(moment generating function)與鞍點近似法
(saddlepoint approximation)求出配對錯誤率(pair-wise error
probability)、再根據修正上限(expurgated bound)求出位元錯誤
率。所推倒出來的閉合解表示式(closed-form expression)可用於
分析參數關係。此外會研究SPM與其他傳輸技術的整合，例如與空時
碼的整合，提出了時空碼—空間排列調變(Space-time block coded
spatial permutation modulation: STBC-SPM)，以及與正交空間調
變(quadrature spatial modulation: QSM)整合而成的正交空間排
列調變(quadrature spatial permutation modulation: QSPM)。這
些整合的技術再再顯示了空間排列調變的高度兼容性。
中 文 關 鍵 詞 ： 5G通訊、多輸入多輸出系統、空間排列調變、排列數列、空間調變
、效能分析、最佳化、空間偏移調變、時空碼—空間排列調變、正
交空間排列調變
英 文 摘 要 ： We have proposed a new multiple-input multiple-output
(MIMO) transmission technology called spatial permutation
modulation (SPM) and studied this topic for 2 years under
the support of two successive MOST projects. SPM maps the
information bits to the QAM symbols and the permutation
array. The QAM symbols are transmitted by different
transmit antennas at different time instants, selected by
the associated permutation array. In this project, we have
fruitful results that include three IEEE journal papers and
one IEEE conference paper. At this moment, another journal
is under submission and review.
This year, we complete the design of the SPM transmitter
and the associated theoretical performance analysis. In
particular, the design space of SPM is multidimensional
including modulation of QAM symbols, the allocation of QAM
symbols in the time-space grid, and the mapping between the
permutation array and the active transmit antennas. Such
complicated design space requires a thorough theoretical
analysis for the SPM transmission optimization. In
particular, the pair-wise error probability (PEP) is
derived by using the Chernoff bound, moment generating

function, and certain numerical methods, e.g., saddle-point
approximation. We will derive the closed-form expression to
shed light on the relations among transmission parameters.
Moreover, we investigate the combination of SPM with other
transmission technologies, that is, the space-time block
coded spatial modulation (STBC-SM) and the quadrature
spatial modulation (QSM). The integrated techniques called
space-time block coded spatial permutation modulation
(STBC-SPM) and the quadrature spatial permutation
modulation (QSPM) show superior error rate performance to
their original versions. This result demonstrates the high
compatibility of SPM, which can be easily integrated with
other advanced SM techniques for higher transmission
efficiency.
英 文 關 鍵 詞 ： 5G communication, multiple-input multiple-output (MIMO),
spatial permutation modulation (SPM), permutation array,
spatial modulation, performance analysis, optimization,
spatial shift keying (SSK), space-time block coded spatial
modulation (STBC-SM).
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中文摘要：
本團隊提出的新技術：空間排列調變(spatial permutation modulation: SPM)應用於 MIMO
系統，連續獲得 105 年與 106 年科技部補助。SPM 將資料位元映射到 QAM 符元及排列數列
(permutation array)上，再根據排列數列裡的不同數字，於不同時間點開啟不同的傳輸天線傳
輸 QAM 符元。空間排列調變將資料擴散到整個空間與時間平面，獲得空間與時間的加乘多
樣性，有效提升傳輸品質。本次計劃已有三篇期刊與一篇研討會錄取，於此同時，尚有一篇
論文正在被審稿。
我們完成了空間排列調變傳輸機的設計與理論分析。並應用理論分析，提出了該如何設
計 QAM 符元的調變、時空配置、排列數列等傳輸參數，以上參數構成的空間排列調變設計
空間維度很高，相當複雜。為了最佳化空間排列調變傳輸，我們理論分析了傳輸錯誤率，利
用差動方程式(moment generating function)與鞍點近似法(saddlepoint approximation)求出配對
錯誤率(pair-wise error probability)、再根據修正上限(expurgated bound)求出位元錯誤率。所推
倒出來的閉合解表示式(closed-form expression)可用於分析參數關係。此外會研究 SPM 與其他
傳輸技術的整合，例如與空時碼的整合，提出了時空碼—空間排列調變(Space-time block coded
spatial permutation modulation: STBC-SPM)，以及與正交空間調變(quadrature spatial modulation:
QSM)整合而成的正交空間排列調變(quadrature spatial permutation modulation: QSPM)。這些整
合的技術再再顯示了空間排列調變的高度兼容性。
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英文摘要
We have proposed a new multiple-input multiple-output (MIMO) transmission technology
called spatial permutation modulation (SPM) and studied this topic for 2 years under the support of
two successive MOST projects. SPM maps the information bits to the QAM symbols and the
permutation array. The QAM symbols are transmitted by different transmit antennas at different time
instants, selected by the associated permutation array. In this project, we have fruitful results that
include three IEEE journal papers and one IEEE conference paper. At this moment, another journal
is under submission and review.
This year, we complete the design of the SPM transmitter and the associated theoretical
performance analysis. In particular, the design space of SPM is multidimensional including
modulation of QAM symbols, the allocation of QAM symbols in the time-space grid, and the
mapping between the permutation array and the active transmit antennas. Such complicated design
space requires a thorough theoretical analysis for the SPM transmission optimization. In particular,
the pair-wise error probability (PEP) is derived by using the Chernoff bound, moment generating
function, and certain numerical methods, e.g., saddle-point approximation. We will derive the closedform expression to shed light on the relations among transmission parameters. Moreover, we
investigate the combination of SPM with other transmission technologies, that is, the space-time
block coded spatial modulation (STBC-SM) and the quadrature spatial modulation (QSM). The
integrated techniques called space-time block coded spatial permutation modulation (STBC-SPM)
and the quadrature spatial permutation modulation (QSPM) show superior error rate performance to
their original versions. This result demonstrates the high compatibility of SPM, which can be easily
integrated with other advanced SM techniques for higher transmission efficiency.
Keyword
5G communication, multiple-input multiple-output (MIMO), spatial permutation modulation (SPM),
permutation array, spatial modulation, performance analysis, optimization, spatial shift keying (SSK),
space-time block coded spatial modulation (STBC-SM).
一、前言
Multiple-input multiple-output (MIMO) technique is considered a key technology for many wireless
communication standards and the emerging 5G communication. In particular, multiple antennas are

exploited at both the transmitting and receiving ends to enhance the data rate and/or signal reliability,
like V-BLAST and space–time code (STC). Among various MIMO techniques, spatial modulation
(SM) has recently gained increasing attention due to its high transmission efficiency.
SM modulates bits into two kinds of symbols: The constellation symbols like quadrature
amplitude modulation (QAM), and the so-called spatial symbols generated by the activation of the
single transmit antennas. In particular, for the transmitter with Nt transmit antennas, the SM
modulator uses
⌊𝑙𝑜𝑔2 𝑁𝑡 ⌋
bits to select one active transmit antenna, where ⌊∙⌋ is the floor operation. The QAM symbol is then
transmitted and experiences different channel fading gains depending on the activated transmitted
antennas. At the receiver side, the spatial symbol is recovered by comparing the received signals with
different combination of fading gains and QAM symbols. Compared with other MIMO techniques,
SM strikes a good balance among the error rate performance, throughput, and complexity, e.g., lower
error rate than STC under the same throughput, and lower receiver complexity than V-BLAST.
SM strikes a good balance among the error rate performance, throughput, and complexity. In
contrast to STC and spatial multiplexing, SM only requires single radio frequency (RF) chain
constituted of mixers, filters, power amplifiers, etc., resulting in huge saving of circuit complexity
and power consumption. This implies that, SM can utilize the inactive transmit antennas to increase
the throughput. Therefore, SM is considered as a competitive candidate for the 5G communications,
especially in the context of the massive MIMO system. After SM has been proposed, the idea of
modulating data by activating different transmission antennas has been quickly extended to various
transmission entities like precoding matrices [9], transmit light emitting diodes (LEDs) for visible
light communication, and subcarriers for the orthogonal frequency division multiplexing (OFDM)
system. A general terminology index modulation (IM) is proposed to refer these techniques. These
extensions show the value and applicability of SM for the future communications.
Nevertheless, since the spatial symbol is detected by comparing the channel fading gains of
different transmit antennas, the error rate performance of SM system deteriorates in spatiallycorrelated channels where the fingerprints of the wireless channels in the spatial coordinate become
similar. The other disadvantage of SM is the small transmit diversity due to the single transmitted
stream, resulting in poor error rate performance if the receive antennas (receive diversity) are few.
Several techniques like precoding or space– time shift keying (STSK) are proposed to gain the
transmit diversity. Nevertheless, the coding matrix design is generally complicated and sometimes
resort to extensive numerical simulations for optimization.

In this project, we exploit the permutation to propose a simple but yet effective technique named
spatial permutation modulation (SPM). Specifically, the spatial symbol of SM is extended in the time
coordinate by the permutation array, which indicates the active transmit antenna at successive time
instants. Take a toy example using two transmit antennas and two time instants. In addition to the bits
conveyed by the QAM symbols, the SPM transmitter modulates another bit with a permutation set [1
2]T, [2 1]T. For bit ‘0’, the permutation vector [1 2]T is selected so that the second and first transmit
antennas are activated at the first and second time instants, respectively. Inversely, when

[2 1]T is

selected to represent bit ‘1’, the first and second transmit antennas are successively activated at the
first and second time instants. In this way, SPM can be interpreted as a general case of SM, since the
value of active transmit antenna index in SM is generalized to the permutation array in SPM and the
data is dispersed along the time coordinate. Such generalization enhances the transmission efficiency
and can be easily integrated with different advanced SM techniques, e.g., space–time block coded
spatial modulation (STBC-SM) and quadrature spatial modulation (QSM).
This project aims at discovering the possibility of the SPM and demonstrate its high transmission
efficiency and the compatibility.

二、研究目的
In this project, we focus on three aspects of SPM:
1. Theoretical analysis of SPM, including the error rate performance and the diversity
2. The design space exploration of SPM by exploiting the analytical results
3. The demonstration of the high compatibility of SPM.
The concept of SPM is illustrated as below:

Fig. 1 Illustration of SPM. The transmitter conveys the data by using the QAM symbols and the
permutation arrays, dispersing the data on the space-time plane.
The permutations used in SPM have extensive theoretical investigations in literature, including the
bit mapping rule, permutation array design, and the error rate performance analysis. These results can
be leveraged to facilitate the SPM design. SPM enjoys the following advantages:
1) High compatibility: SPM provides a new design direction orthogonal to most advanced SM
techniques, and thus can be easily integrated with them to yield a more efficient MIMO system, e.g.,
the proposed STBC-SPM and QSPM techniques.
2) High transmission reliability: Because of higher transmit diversity, SPM yields better error rate
performance than SM, especially under the severe environments like low receive diversity (few
receive antennas) or spatially-correlated channel.
3) Low complexity: SPM activates one transmit antenna at a time, thus enjoying the low complexity
advantage as SM, e.g., single RF chain and simple decoding.
In this one-year project, we analytically derive the diversity and error rate performance of SPM
so as to providing theoretical understanding about the SPM system, which can be used to improve
the system efficiency and to optimize the transmission in a systematic way.

Our analysis not only

finds the reason behind this phenomenon, but also calculates the transmit diversity and bit error rate
(BER). The analysis results reveal the design guidelines, e.g., the number of QAM repetitions should
be equal to the minimum Hamming distance of permutation set so that the diversities of the QAM
symbols and the permutation vectors are balanced.
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四、研究方法
In this project, we consider an Nr×Nt MIMO system, where Nr and Nt are the numbers of receive and
transmit antennas, respectively. For the SM transmission, one transmit antenna is activated at a time
so as to modulate the bits by using the QAM symbol and the index of the active transmit antenna, i.e.,
the spatial symbol. The SM transmission model takes the form of
𝐲 = 𝒉𝑞 𝑠 + 𝒏
where y is the received signal, and hq is the MIMO channel vector associated with the qth transmit
antenna. This activated transmit antenna index q is the spatial symbol. The additive white Gaussian
noise is assumed to be zero mean with N0 being the noise power spectral density. Although SM is
shown to be an efficient transmission technique, its performance is deteriorated for the case of few
receive antennas or high spatial correlations, owing to the lack of diversity. Consequently, we propose
SPM that utilizes the permutation arrays to exploit diversities and elevate the transmission reliability.


Modulation using Permutation Vector

Now, we introduce the permutation arrays and then the way of using the permutation arrays for
modulation. Let 𝐶̃𝑁𝑡,𝑇𝑠 be the set of Nt-permutations of Ts, i.e., different ordered arrangements of a
Ts-element subset of an Nt-set. For example, we have
1 1 2 2 3 3
̃
𝐶3,3 = {[2] , [3] , [1] , [3] , [1] , [2]}
3 2 3 1 2 1
Define the Hamming distance matrix D whose (i, j)th entry di,j represents the Hamming distance
between the ith and jth permutation arrays in a certain permutation set, e.g., the distance matrix of {132,
213, 231, 312}
0
D = [3
2
2

3
0
2
2

2
2
0
3

2
2].
3
0

The minimum Hamming distance of a permutation set is determined by the smallest off-diagonal
component in the matrix D, i.e., dmin =2.
To modulate the bits by the permutation vectors, we denote the subset C𝑁𝑡,𝑇𝑠 (𝐾, 𝑑𝑚𝑖𝑛 ) which selects
K permutation vectors with the minimum Hamming distance dmin from 𝐶̃𝑁 ,𝑇 . The SPM spatial
𝑡 𝑠

symbol is thus generated by choosing a specific permutation vector in C𝑁𝑡 ,𝑇𝑠 (𝐾, 𝑑𝑚𝑖𝑛 ) according to
the data bits. Several mapping rules are investigated in, i.e., distance conserving mapping (DCM),
distance-increasing mapping (DIM), and distance-reducing mapping (DRM). For DCM, the
Hamming distances between any permutation vector pairs are equal to or larger than those of the
associated encoded binary data bits. An example of a 2-bits DCM is given as follows

00 →[1 3 2]T , 01 → [2 1 3]T , 11 → [2 3 1]T, 10 → [3 1 2]T,
where we can see that the number of modulated bits is 2 =log2 4 = log2 K. This logarithmical
proportionality between the number of modulated bits and size of the adopted permutation set is
similar to SM having number of modulated bits equal to log2 Nt. In other words, the more permutation
arrays are included in CNt,Ts (K, d), the more bits can be modulated. However, when CNt,Ts (K, d)
comprises more permutation arrays, the associated minimum Hamming distance may decrease,
leading to poor error rate performance.


SPM Transmission

We now introduce the SPM transmission. First, according to the scenarios and user requirements,
CNt,Ts (K, d) is determined and available at both the transmitter and the receiver. SPM then modulates
log2 K bits to a permutation p such that the ptth transmit antenna is activated at the tth time instant.
The received symbol vector yt is given by
𝐲𝑡 = 𝒉𝑝𝑡 𝑠⌈𝑡/𝑀⌉ + 𝒏𝑡
where hpt is the ptth column of the channel matrix H. The parameter M indicates the number of
repetitive transmission of the QAM symbol. This means that, for one SPM transmission, we
transmit the QAM vector
𝑠 = [𝑠1 , … , 𝑠1 , 𝑠2 , … , 𝑠2 , … , 𝑠 𝑇 , … , 𝑠 𝑇 ].
𝑀

𝑀

By cascading yt at different time instants t = 1,…, T into a received matrix Y, the SPM transmission
model takes the form of
𝒀 = 𝑯(𝐩)𝑑𝑖𝑎𝑔(𝒔) + 𝑽
where with the slight abuse of notation, let H(p) =[hp1 , …, hpT ] represents the permuted channel
matrix. We define diag(s) as a diagonal matrix and the noise vector as V =[n1, … , nTs ].
The transmitted symbol vector x = [x1,…, xT ] comprises M QAM symbols s1, … , sM. For the
extreme case with M = 1, we have the transmission model simplified as
𝒀 = s𝑯𝑝 + 𝑽
indicating that all T time instants are used to transmit the same QAM symbol. Such repetitive
transmission reduces the error rate of the QAM symbol at the expense of lower throughput.
The aforementioned discussion shows that SM can be considered as a special case of SPM with T =
1 whose permutation vector reduces to a scalar. Compared with SM, SPM inherits its low-complexity
advantages with better error rate performance, especially in the cases of few receive antennas or

spatially-correlated channel, which will be demonstrated later in Section VI. Nevertheless, since SPM
can flexibly adjust its parameters to achieve various trade-offs between the error rate performance
and throughput, its performance optimization is time-consuming if resorting to the numerical Monte
Carlo simulations. In the following, we show that the SPM performance can be theoretically analyzed,
which provides systematic and fast design exploration.


Theoretical Analysis of SPM

The analysis starts with the pair-wise error probability (PEP)
̃) ≜ 𝑃(𝚲(s, p, 𝑠̃ , 𝑝̃) < 𝟎).
𝑓(s, p →, 𝑠̃ , 𝒑
Which represents the probability that given the transmitted signals (s, p), the receiver discovers that
(𝑠̃ ,𝑝̃) has a larger likelihood. Λ(𝑠, 𝑝, 𝑠̃ ,𝑝̃) is the log-likelihood ratio (LLR). Due to the AWGN
assumption of the noise, we can compute the LLR as
2

𝑇

̃) = ∑
𝚲(𝐬, 𝐩, 𝒔̃, 𝒑

‖𝐡𝒑t 𝐬⌈ 𝑡 ⌉ − 𝐡𝒑̃t 𝒔̃⌈ 𝑡 ⌉ ‖ + 2𝚁e{(𝐡𝒑t 𝐬⌈ 𝑡 ⌉ − 𝐡𝒑̃t 𝒔̃⌈ 𝑡 ⌉ )𝐇 𝐧𝒕 }
𝑀

𝑀

𝑀

𝑀

𝑁0

𝒕=𝟏

,

which is a Gaussian random variable whose mean and variance take the form of
𝑇

̅ = ∑ 𝜇𝑡 ,
𝚲
𝑡=1
𝑇

𝜎𝚲2

̅ = 2 ∑ 𝜇𝑡 .
= 2𝚲
𝑡=1

With
𝜇𝑡 =

2
1
‖𝐡𝒑t 𝐬⌈ 𝑡 ⌉ − 𝐡𝒑̃t 𝒔̃⌈ 𝑡 ⌉ ‖ .
𝑁0
𝑀
𝑀

We can derive the conditional moment-generating function (MGF) of this Gaussian random variable.
Then, the channel condition can be remove by characterize the distribution of 𝜇𝑡 in slow-fading
channel and fast-fading channel, respectively.
Taking the fast-fading channel as an example, since the fading gain varies over time, 𝜇𝑡1 and 𝜇𝑡2
are independent random variables. Therefore, once the distribution of 𝜇𝑡 is known, the
unconditional MGF M(z) can be computed easily. 𝜇𝑡 is a Gamma random variable when 𝑝𝑡 = 𝑝̃𝑡
1

𝜇𝑡 = 𝑁 ‖𝐡𝒑t ‖2 |𝐬⌈ 𝑡 ⌉ − 𝒔̃⌈ 𝑡 ⌉ |𝟐 , 𝑝𝑡 = 𝑝̃𝑡 .
0

𝑀

𝑀

When 𝑝𝑡 ≠ 𝑝̃𝑡 , the random variable 𝜇𝑡 is the summation of Nr independent and identically
distributed (i.i.d.) squared norms. Since the channel fading gains are complex Gaussian random

variables, the magnitude of their summation of the differences is a Rayleigh random variable
|ℎ𝒓,𝒑t 𝐬⌈ 𝑡 ⌉
𝑀

− ℎ𝑟,𝒑̃t 𝒔̃⌈ 𝑡 ⌉ |~ℛ(𝜎ℎ √|𝐬⌈ 𝑡 ⌉ |𝟐 + |𝒔̃⌈ 𝑡 ⌉ |𝟐 ).
𝑀

𝑀

𝑀

Constituted by the summation of Nr i.i.d. squared Rayleigh random variables, 𝜇𝑡 is a Gamma
random variable as well. Therefore, the Gamma random variable 𝜇𝑡 can be represented with
different scale parameters depending on the relationship between 𝑝𝑡 and 𝑝̃𝑡 :
𝜎ℎ2
Г(𝑁𝑟 , (|𝐬⌈ 𝑡 ⌉ − 𝒔̃⌈ 𝑡 ⌉ |𝟐 )),
𝑁0
𝑀
𝑀
𝜇𝑡 ~
2
𝜎ℎ
Г(𝑁𝑟 , (|𝐬⌈ 𝑡 ⌉ |𝟐 + |𝒔̃⌈ 𝑡 ⌉ |𝟐 )),
𝑁0
𝑀
𝑀
{

𝑝𝑡 = 𝑝̃𝑡
.
𝑝𝑡 ≠ 𝑝̃𝑡

By using this result, the unconditional MGF of LLR is calculated as follows:
𝑇

𝑀𝚲 (𝓏) = ∏(1 −
𝑡=1

𝜎2ℎ
𝛽 (𝓏 2 + 𝓏))−𝑁𝑟 .
𝑁0 𝑡

With

|s⌈ 𝑡 ⌉ − 𝑠̃ ⌈ 𝑡 ⌉ |2 ,
𝛽𝑡 = { 𝑀 2 𝑀
|s⌈ 𝑡 ⌉ | + |𝒔̃⌈ 𝑡 ⌉ |2 ,
𝑀

𝑀

if 𝑝𝑡 = 𝑝̃𝑡 ,
if 𝑝𝑡 ≠ 𝑝̃𝑡 ,

.

Using this unconditional MGF and the numerical methods like Gauss-Chebyshev quadrature, saddlepoint approximation, the pair-wise error rate and the diversity can be computed. Specifically, the
diversity in fast-fading channel is
−𝑁𝑟

𝜎2
(1 + 4𝑁ℎ 𝛽𝑡 )
0
𝜆𝑓 (𝑠, 𝑝 → 𝑠̃ , 𝑝̃) = − 2lim
2 2
𝜎ℎ 𝜎𝑠2
𝜎
ℎ 𝜎𝑠
→∞
log
𝑁0
𝑁0
∑𝑝𝑡≠𝑝̃𝑡 (1 +
= 𝑁𝑟

lim

𝜎2𝜎2
log ℎ𝑁 𝑠
0

𝜎ℎ2 𝜎𝑠2
→∞
𝑁0

∑𝑝𝑡≠𝑝̃𝑡 (1 +
+𝑁𝑟

lim

𝜎ℎ2 𝜎𝑠2
→∞
𝑁0

= ( ∑ 1𝐬
𝑡
𝑝𝑡 =𝑝̃𝑡

̃ 𝑡
𝑡 ≠𝒔
⌈ ⌉
⌈ ⌉
𝑀
𝑀

𝟏 2
𝟐
̃
4𝑁0 𝜎ℎ |𝐬⌈𝑀𝑡 ⌉ − 𝒔⌈𝑀𝑡 ⌉ | )

𝟏 2
𝟐
̃
4𝑁0 𝜎ℎ (|𝐬⌈𝑀𝑡 ⌉ − 𝒔⌈𝑀𝑡 ⌉ | ))
𝜎2𝜎2
log ℎ𝑁 𝑠
0

+ 𝑑(𝑝, 𝑝̃)) 𝑁𝑟 ≥ ( ∑ 1𝐬
𝑡
𝑝𝑡 =𝑝̃𝑡

̃ 𝑡
𝑡 ≠𝒔
⌈ ⌉
⌈ ⌉
𝑀
𝑀

+ 𝑑min ) 𝑁𝑟 .

The error rate is computed by applying the union bound of the PEP
𝑃𝑏 ≤

(𝑏)
∑∀(𝑠,𝑝) ∑∀(𝑠̃ ,𝑝̃) 𝑑𝒔,𝒑,𝒔
̃)
̃ ,𝒑
̃ 𝑓SA (𝑠, 𝑝 → 𝑠̃ , 𝑝

|𝜒|𝐾 log 2 (|𝜒|𝐾)

.

(𝑏)

Where 𝑑𝒔,𝒑,𝒔̃,𝒑̃ is the number of different bits between the demapped bits of the transmit data and the
erroneously-detected ones.


STBC-SPM

STBC-SM was proposed to improve the error rate performance of SM by combining with STBC. For
example, using the Alamouti code,
𝑠1
[−𝑠 ∗
2

𝑠2
𝑠1∗ ].

We can construct six transmitted STBC-SM codewords Ai were designed for a MIMO system with
Nt = 4 by simultaneously activating two transmit antennas during two time instants, e.g.,
0
0
𝑠1 −𝑠2∗
∗
0
0
̃ 1 (𝑠1 , 𝑠2 ) = [𝑠2 𝑠1 ] , 𝐀
̃ 2 (𝑠1 , 𝑠2 ) = [
𝐀
𝑠1 −𝑠2∗ ] ,
0
0
𝑠2 𝑠1∗
0
0
𝑠2 𝑠1∗
0
0
∗
0
̃ 3 (𝑠1 , 𝑠2 ) = [𝑠1 −𝑠∗2 ] 𝑒 𝑗𝜃1 , 𝐀
̃ 4 (𝑠1 , 𝑠2 ) = [ 0
𝐀
] 𝑒 𝑗𝜃1 ,
0
0
𝑠2 𝑠1
𝑠1 −𝑠2∗
0
0
0
0
𝑠1 −𝑠2∗
∗
𝑠
−𝑠
0
1
2
𝑗𝜃2 ̃ (𝑠
̃ 5 (𝑠1 , 𝑠2 ) = [ 0
)
𝐀
]
𝑒
,
𝐀
,
𝑠
=
[
] 𝑒 𝑗𝜃2 ,
6 1 2
0
0
𝑠2 𝑠1∗
𝑠2 𝑠1∗
0
0
where the rotation angles are imposed for performance optimizations. Conventionally, only 4
codewords are used since for each transmission, STBC-SM transmits two QAM symbol (s1, s2) and
additional two bits by the index of the selected codeword Ai. For example, we can modulate bits ‘00’
and ‘01’ respectively by selecting codedwords A1 and A2.
Now, when the permutation arrays are introduced, the proposed STBC-SPM increases the
transmission period Ts times larger than STBC-SM. Specifically, Ts STBC-SM codewords are
cascaded to form an STBC-SPM codeword. Taking Ts = 2 as an example, we have an STBC-SPM
codeword
𝐴𝑣 (𝑠1 , 𝑠2 , 𝑠3 , 𝑠4 ) = [𝐴̃𝑖 (𝑠1 , 𝑠2 ) 𝐴̃𝑗≠𝑖 (𝑠3 , 𝑠4 )].
In other words, STBC-SPM modulates data bits first by a permutation array, and then uses this
permutation array to successfully transmit different T STBC-SM codewords. In this way, the error
rate is further improved compared with STBC-SM. The number of codeword combinations increases
to 30 when 6 codewords are used. This means that, one can select 16 combinations to transmit 4 bits.

In this case, the throughputs of the spatial symbol of STBC-SM and STBC-SPM are identical, i.e., 1
bps/Hz, while STBC-SPM achieves lower error rate due to the permutation that further exploits the
diversity.
Like STBC-SM applying the rotation angles to codewords to maximize the coding gain and diversity,
we split the permutation vectors into groups and impose different rotation angles on the transmitted
codewords when different groups of the permutation vectors are adopted. In this way, the minimum
Hamming distance of the permutation set can be maximized by rotation. For example, when two
STBC-SM codewords are cascaded, we can group the permutation vectors as follows
6 1 2 3
4 5 6 1
Ƥ1 = {[ ] ‚ [ ] ‚ [ ] ‚ [ ]} ‚ Ƥ2 = {[ ] ‚ [ ] ‚ [ ] ‚ [ ]} ‚
1 4 5 6
1 2 3 6
2 3 5 6
1 2 4 5
Ƥ3 = {[ ] ‚ [ ] ‚ [ ] ‚ [ ]} ‚ Ƥ4 = {[ ] ‚ [ ] ‚ [ ] ‚ [ ]} ‚
1 2 4 5
2 3 5 6

where the Hamming distance d(pa, pb) = 2 for the permutation vectors in the same group, while we
have d(pa, pb) less than or equal to 2 for the permutation vectors in different groups. Then, depending
on the group index i, in additional to 𝜃, another rotation angle
𝜑𝑖 =

(𝑖 − 1)𝜋
8

is imposed on the codewords using QSPK and 16QAM modulations. Following (43), the transmitted
codeword of STBC-SPM is given by
𝐴(𝑠1 , 𝑠2 , 𝑠3 , 𝑠4 ) = [𝐴̃𝑝𝑘,1 (𝑠1 , 𝑠2 )𝑒 𝑗𝜑𝑖


𝐴̃𝑝𝑘,2 (𝑠3 , 𝑠4 )𝑒 𝑗𝜑𝑖 ].

QSPM

Since SM transmits one QAM symbol at a time with the spatial symbol whose number of bits is
logarithmically proportional to the transmit antenna number, SM has lower spectral efficiency than
the spatial multiplexing technique. By expanding the spatial symbol into the in-phase and quadrature
components, QSM is proposed to enhance the SM throughput. Specifically, compared with SM, the
QSM transmitter comprises an additional spatial demultiplexer which assigns the real and imaginary
parts of the QAM symbol to various transmit antennas. Thus, we can have two sets of log2 Nt bits to
select the active antennas.
By integrating the permutation vectors with QSM, we can propose the QSPM based on the SPM
system model. The permutation vector pR is used to activate various transmit antennas at successive
time instants for the transmission of sR, i.e., the real part of the QAM symbol. Likewise, pI controls
the active transmit antennas to successively transmit the imaginary part signal sI. In this way, the
signals are dispersed along the time coordinate and the diversity gains are achieved. With this setting,
the number of bits transmitted by the permutation vectors of the QSPM is 2log2 K. Alternatively, one

can apply the permutation vector to jointly select the active transmit antennas for the real and
imaginary parts transmissions at the same time instant. For example, the permutation vector [1 4]T
indicates that the first antenna is activated to transmit the real part of the QAM symbol, and the fourth
antenna is used for the transmission of the imaginary part.

五、結果與討論（含結論與建議）
The theoretical analysis of SPM, and the performances of SPM, STBC-SPM, QSPM are demonstrated
by means of Monte Carlo simulations. We evaluate the MIMO systems with Nt = 4 using SM, SPM,
STBC-SM, and STBC-SPM in the scenarios of various receive diversities and channel conditions.
The maximum likelihood decoder is adopted at the receiver side.

Fig. 2. Comparison of the numerical and analytical BERs of SPM with (Nt,Nr, T,M) = (4, 1, 4, 4).
Both the slow-fading channel and fast-fading channel are considered.
The numerical and analytical BER comparisons of SPM are depicted in Fig. 2 for various
minimum Hamming distances dmin and QAM modulations. Both the slow-fading channel and fastfading channel are considered. The solid lines represent the empirical results, while the dashed lines
denote theoretical analyses. The tight overlaps between the analytical and numerical BERs confirm
the accuracy of our analyses for different transmission parameters and fading channels. We simulated
two systems various modulation and minimum Hamming distances, respectively. Since M = 4, the
system diversity is bounded by the minimum Hamming distances. Therefore, Although the former
adopts higher modulation (16QAM), its larger diversity leads to better error rate improvement as
SNR increases.

Fig. 3. BER comparisons of the SM-MIMO and SPM-MIMO systems with (Nt,Nr) = (4,1) in slowfading channel and fast fading channel, under 3 bps/Hz rate constraint. Both the channels with and
without spatial correlation are considered.
Fig. 3 aims at comparing the performances of SM and SPM in different fading channels. Note
that the SM system yields the same error rate performance in either slow-fading channel or fast-fading
channel due to the transmission of the single time instant. The SM system adopts BPSK modulation
so that its throughput is 3 bps/Hz. The SPM parameters are (T, M, dmin, K) = (2, 2, 2, 4) and 16QAM
modulation, resulting in throughput 3 bps/Hz as well. Both the channels with and without spatial
correlations are considered. For the uncorrelated channel with target BER 10-3, the SPM system in
slow-fading channel and fast-fading channel achieve 6 and 12 dB SNR gains over the SM
system, respectively.

Fig. 4 BER comparisons of MIMO systems using STBC-SM and STBC-SPM with Nt = 4 and

various Nr in spatially-correlated channel, under 3 bps/Hz rate constraint

Fig. 5 BER comparisons of MIMO systems using QSM and QSPM with Nt = 4 and various Nr in
spatially-correlated channel, under 6 bps/Hz rate constraint.
Fig. 4 and Fig. 5 show the numerical comparisons of the advanced SM techniques with and without
the integration of SPM, i.e., STBC-SM versus STBC-SPM and QSM versus QSPM, respectively. We
set Nt = 4 and various Nr. From the numerical results, we discover that compared with the
improvement of STBC-SPM (with respect to STBC-SM), the improvement of QSPM (with respect
to QSM) is more significant. This is because that, QSM is proposed to provide higher spectral
efficiency, while STBC-SM aims at enhancing the reliability of SM, whose design goal is similar to
that of SPM. Thus, the combination of QSM and SPM leads to larger enhancement, up to 5 dB SNR
gain at BER 10-3 and Nr = 2. Nevertheless, STBC-SPM still achieves 2 dB improvement at the same
setting and BER requirement. The improvement further increases when Nr = 1 such that diversity
introduced by SPM is essential. Around 5 dB SNR gain is obtained by STBC-SPM compared with
STBC-SM. The superior performances of STBC-SPM and QSPM demonstrate that the application
of permutation vectors benefits the SM-based MIMO systems.
To conclude this report, we proposed and theoretically analyzed the SPM technique for the
MIMO system. By utilizing a permutation vector to sequentially select the transmit antennas or
STBC-SM codewords at successive time instants, both SPM and STBC-SPM deliver superior
performance. Numerical simulations demonstrate that SPM provides transmit diversity and thus can
operate in the severe environments like low receive diversity or spatially-correlated channels.
The framework of SPM reported here serves as a starting point for future research that exploits

the permutations to the SM/IM systems. Currently, we are conducting several interesting research
directions as follows: First, the concept of imposing rotation angles on the transmit data
corresponding to different permutation vectors can be directly applied to SPM so as to improve the
diversity and coding gains. Advanced coding technique can be applied for the transmitted QAM
symbols. Second, when multiple active transmit antennas are allowed, i.e., GSM, the generalized
spatial permutation modulation (GSPM) can be expected to further enhance the transmission
efficiency. At the receiver side, a low-complexity SPM detector is another practical research topic
like our previous work, which is omitted here. The theoretical analyses of the spectral efficiency of
SPM and other permutation-based SM systems like QSPM and STBC-SPM are also of interest.
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一、 執行國際合作與移地研究過程
我與東京大學森川實驗室開始合作起於 2017 年，當時該實驗室的研究員
廖椿豪博士正在進行一項利用低成本的 LoRA 設備，實現大規模的無線隨意
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實驗測試。而我曾經針對分散式無線網路進行過一系列的理論研究，並且成
功將本計畫的空間排列調變技術(spatial permutation modulation)應用於

網路層的虛擬多輸入多輸出系統。兩邊對同一個研究以不同的角度切入，因
此結下了國際合作的契機，並發表了一篇期刊論文。
本次到東京大學造訪森川實驗室，是再進一步的最新技術交流，我們將空
間排列調變技術的新研究成果報告給對方，再報告未來會將此新研究成果，
同時移植到網路層，讓分散式無線網路的傳輸效能更加提升。對方主要是由
朱桂兵博士接待，他也和我們分享他最新的研究成果，並且展示其實驗，如
何使用數十片搭載 LoRA 晶片的板子，完成一棟建築物，甚至跨建築物的網
路建置。儘管傳輸速率不高，但此技術可靠度相當高，LoRA 設備的擺放不需
要經過太精密的計算，偶爾有一兩片設備出狀況時，整體的覆蓋性也依然不
受影響。這樣的低成本、高可靠度的網路布建，而且已經可以做到 on-theair 的實驗驗證，儘管森川實驗室在理論分析與解釋上並沒有如本實驗室深
入，但實驗結果著實讓人印象深刻。
二、 研究成果
兩邊實驗室都是針對無線隨意網路進行研究，不過切入的角度差異相當大。
本實驗室由於剛成立不久，人力不足，主要還是以理論分析與電腦模擬為主。
森川實驗室光是博士生就有 10 人，儘管研究題目不同，但實驗室資源豐沛，
且或許是文化差異，我在幾次參訪日本不同實驗室時，都注意到他們相當重視
實作、量測。該實驗室對於無線隨意網路的研究也是從此角度切入。因此兩邊
儘管有過一次的論文共同發表合作，但要進行更緊密的合作，還需要一定程度
的再交流，此次前去參訪，即是討論這方面的合作。包括該如何將本實驗室設

計的演算法，實作到森川實驗室的系統中驗證。以及是否有機會派送本實驗室
的學生到東京大學短期研究，相關衍生經費等問題。
三、 建議
除了針對無線隨意網路的主題探討外，本次移地研究讓人印象最深刻的即
是該實驗室的研究產出。如前所述，比起通信相關研究常見的理論分析、推
導，該實驗室更強調應用與實作。可以看見許多研究成果都是先基於一個具
體的應用情境，再回頭尋找、開發技術。例如這套 LoRA 布建的網路，起因即
是該實驗室與業界合作，要再富士山保育環境周遭布建網路，保育區域周圍
有柵欄網防護，然而此網有可能會被野生動物破壞，因此當有野生動物開始
破壞時，相關的感測器必須要偵測出來，並將信號傳回中心。這樣的傳輸信
號不需要多大的傳輸率，但要低成本且高可靠度，該實驗室才因此開啟了一
系列的相關研究。以東京大學的國際知名度與該實驗室的資源來說，相關的
論文產出其實並沒有非常突出，但實際參訪後會發現，該實驗室其實有很強
大的研究動能，只是將重點放在實作與應用，雖然以本實驗室目前的人力資
源來說，尚無法做出這樣的方向調整，但看到後還是令人印象深刻，覺得這
也是一個非常好的研究方向，對未來實驗室的規畫有不同的想像。
四、本次出國若屬國際合作研究，雙方合作性質係屬：(可複選)
█分工收集研究資料
█交換分析實驗或調查結果
□共同執行理論建立模式並驗証
█共同執行歸納與比較分析
□元件或產品分工研發
□其他 (請填寫) _______

五、其他
無
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本實驗室三位碩士生都投入此計畫研究
，共同發表了一篇期刊論文。其中一位
碩二學生與台大合作，又發表了另一篇
期刊論文。在這過程中，同學們經過了
完整的通信演算法、程式撰寫、論文初
稿撰寫的訓練。對於未來成為通信專業
工程師，打下了一定的基礎。
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