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Abstract: 

The future generation of mobile communication is expected to 
increase coverage, speed in order to facilitate the 
communication for anything at any time at any place with 
everything. Thus the MIMO technology such as Spatial 
Multiplexing(SMUX), Spatial Modulation(SM) and Space 
Time Shift Keying(STSK) has been suggested in different 
researches to achieve that goal for next generation 
communication technology. However, STSK has become the 
better candidate in alleviating the better special diversity and 
multiplexing which has been poor to SM and SMUX with 
advantage of providing better information integrity and high 
throughputs. Again different multicarrier has been investigated 
in different research such as Orthogonal Frequency Division 
Multiplexing(OFDM), single carrier Frequency Division 
Multiple Access(SC-FDMA), however both of them has 
showed poor diversity. The fact that the high Peak Average 
Power Ratio(PARP) presence on both, opened   another room 
for improvement which was introducing the Constant 
envelope(CE) to both which has achieved the better 
performance compare to conventional OFDM and SC-FDMA. 
In this paper, the CE-OFDM aided MIMO STSK is considered 
with respect to STSK MIMO OFDM. This exploits the 
advantages of CE-OFDM in SISO to MIMO. The proposed 
CE-OFDM MIMO STSK provides an improved performance 
in multipath channel due to being rich in diversity. 
Furthermore, the scheme is Convolutionally coded and uses 
Maximum-likelihood detection for error detection.  The 
performance analysis is done under AWGN scenario. 

Keywords: MIMO, Constant Envelope Orthogonal Frequency 
Division Multiplexing (CE-OFDM), STSK 

 

INTRODUCTION 

One of the mission of future generation communication 
technology is to increase the information throughputs, 
coverage, integrity. This can be attained by applying multiple 
antenna at the transmitter and multiple antenna at the receiver.  
The system with such features of multiple transceiver is what 
called Multiple Input Multiple output system (MIMO)[1]. 

Different research has suggested the multiple antenna system 
can be achieved by using integrated circuit based antenna with 
smaller antenna aperture and occupies small position such as 
Substrate Integrated waveguide (SIW) and sometime called 
Chip antenna[2]. MIMO technology significantly improves 
system performance in coverage, capacity, and user data rates 
by neutralizing the effect of multipath fading. MIMO 
technology uses multiple “smart” transmitter and receiver with 
an added “spatial” to overcome multipath effects that increases 
performance and range dramatically[3]. Multiple antenna in 
wireless communication system lead to the three type of gain 
achievement such as spatial multiplexing gain, diversity gain, 
and antenna gain. There have been a lot of research has been 
done in this area of MIMO specially in Space Time 
coding(STC). STC technique is two-dimension coding 
performed under time and space that in cooperated with 
multiple antenna. It is capable of achieving the transmit 
diversity and power gain in uncorrelated spatial system with 
constant bandwidth. Coding is done to spatial and temporal  
domain that provides the correlation of transmitted signal from 
various antenna at different time[4]. Space Time Coding (STC) 
has several approaches of coding structures such as; Alamouti 
Space Time Code (STC), Space Time Block coding (STBC), 
Space Time Trellis Coding(STTC), Differential Space Time 
Block Coding (DSTBC). All those approaches lead to different 
researches for improvement in spatial multiplexing gain and 
spatial diversity gain[1]. Thus, the spatial Modulation/space 
shift keying(SM/SSK) was one that implies the spatial and time 
and rich in spatial diversity with poor multiplexing, due the fact 
that antenna indexes is activated one at time while other 
antenna index are turned off, this scenario make the concept of 
MIMO meaningless. Spatial Multiplexing (SMUX) this is 
capable of providing better spatial multiplexing gain but poor 
spatial diversity like VBLAST[5]. 

Space Time shift keying(STSK) primarily introduced by 
Sigiura et al[6]. This was introduced to provide solutions of 
weakness of SM and SMUX, thus was the combination of 
richer in spatial diversity and spatial multiplexing gains. It is 
capable of handling the channel impairments. The better 
performance is achieved by exploiting time, space, and 
frequency diversity. Different research on STSK OFM has been 
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done with a focus of achieving the better candidate multicarrier 
for future communication generation[7]. These have achieved 
of better performance, however those research did not focus on 
weakness of OFDM. Which experience high Peak Power 
Average ratio. Thus make it poor candidate for future 
generation of communication. 

This paper proposes the improvement of STSK MIMO OFDM 
by introducing the Constant envelope. Constant envelope 
Orthogonal Frequency multiplexing was firstly introduced by 
Thompson et. al. in [8] . The basic motive behind CE-OFDM 
is the application of a nonlinear phase modulation to a real-
valued normalized OFDM signal that increases the power 
efficiency. The key features of such a waveform can be listed 
as follows:  

 Fixed 0dB PAPR: the signal can be transmitted with 
saturating amplifiers without amplitude distortion and 
spectral regrowth;  

 CE-OFDM practically encapsulates multicarrier 
OFDM into a transmitted single carrier signal. 

Therefore, the advantages of OFDM are still maintained, but 
with an improved diversity against multipath fading, yielded by 
the insertion of the cyclic prefix and the MMSE equalization in 
the frequency domain applied to the single-carrier signal (see 
e.g.[9]).  

This work is the improvement of convolutional encoder Space 
time shift keying (CESTSK) with MIMO OFDM. Therefore, 
the Constant envelope OFDM MIMO combined with space 
time shift keying Convolutionally coded[10]. 

This paper is organised in different sections as follows. Second 
section is the system overview; describing the block diagram 
and combination to space time shift keying to CE-OFDM. 
Section three, will explain the analysis of the results and 
performance analysis in reference STSK MIMO OFDM. Lastly 
will be section four that provide conclusion and suggestions for 
future research.  

 

STSK MIMO CE-OFDM SYSTEM OVERVIEW 

A. SPACE TIME SHIFT KEYING 

Space Time Shift Keying (STSK) is technique that maps the 
information into temporal dimension and spatial dimension. 
Unlike spatial modulation(SM) and any other MIMO scheme, 
STSK have reduced complexity in expense of slightly reduced 
performance (reduced efficiency). The ability of STSK to view 
information in two dimension (i.e. Temporal dimension(TD) 
and spatial dimension (SD)) result to ability handling error. 
Thus provide equal error protection and make it preferable to 
communication[11]. The input to the encoder is given as 
log2(𝑄. 𝐿) bits  which is divided into two blocks of dispersion 
matrix Q and symbol block. Thus the log2(𝑄) bits index a 
dispersion matrix activated among available Q- dispersion 
matrix with a size of  NxT for each symbol mapped L-

PSK/QAM constellation at T symbol interval. The log2(𝐿) bits 
correspond to a specific symbol in that constellation. Specific 
parameter used in STSK are in the form of  (N, M,T,Q) where 
N is the number of transmit antenna, M number of receive 
antenna-time interval, and Q is the dispersion matrix[12]. The 
STSK transmitted codeword is made of single dispersion 
matrix is activated for every symbol mapped. The transmitted 
signal is expressed as 

 𝑋𝑆𝑇𝑆𝐾(𝑖) = 𝑆(𝑖) ∗ 𝐴(𝑖) … … . (1) 

Thus S(i) is the transmitted complex symbol mapped at index i 
from L-QAM/PSK and A(i) is the activated dispersion matrix 
at index i. where i=1,2,3………. Q. 

The dispersion matrix can be expressed as  

 

𝐴𝑞(𝑖) = [
𝑎1

1 … … 𝑎1
𝑇

⋮ ⋱ ⋮
𝑎𝑁

1 … … . 𝑎𝑁
𝑇

] ∈  𝐶𝑁𝑋𝑇 … … (2) 

Thus since one dispersion matrix is activated for each symbol 
mapped that implies the only i is active while other are assigned 
zero. Every column of Aq(i) is transmitted is transmitted from 
the transmit antenna(N). In order to maintain a unity average 
transmission power for each STSK symbol duration, each 
dispersion matrix has to obey the constraint power of    

 𝑡𝑟(𝐴𝑞𝐴𝑞
𝐻) = 𝑇 … … . (3) 

Where A denote matrix A, tr(A) denote trace matrix of A, and 
AH denote the Hermitian transpose of matrix A[13].Dispersion 
matrix is computed offline. STSK can be considered as the 
improvement of spatial modulation at T=1[ eg (3) 9]. The signal 
at the receiver is received in terms of column, so in this paper 
the scenario considered is for small cell backhaul where the 
symbol interval T for activating one dispersion matrix is with 
condition   (T ≤ Nt ). Thus at the 4x4 configuration the symbol 
duration will be T=2 and T=4 as explained better in[10]. 

 To ensure the integrity of information the signal input signal is 
coded Convolutionally as figure 1 and 2 shows the 
configuration of coded STSK and figure 3, indicate the process 
of achieving constant envelope OFDM in multiple input 
multiple output form. 

Convolutional Encoder STSK (CESTSK) the n bit transmitted 
with rate of k/n thus both dispersion block and symbol block is 
Convolutionally coded and interleaved then transmitted over 
constant envelope subcarriers. Figure 1 below shows the 
transmitter side of CESTSK. The throughput for CESTK can 
be expressed as 

 

 𝜂(𝐶𝐸𝑆𝑇𝑆𝐾) =
𝑘(𝑚+log2(𝑄))

𝑛𝑇 
 [

𝑏

𝑠

𝐻𝑧
] … . . (4)  
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The received signal of system model can be expressed as 

 

  𝑌(𝑖) = 𝐻(𝑖)𝑋(𝑖) + 𝑁(𝑖) … … … … . (5)   

 

where Y(𝑖) ∈ 𝑐𝑁𝑋𝑇  is received complex signal, X(𝑖) ∈ 𝑐𝑀𝑋𝑇  is 
the transmitted signal ,H(𝑖) ∈ 𝑐𝑁𝑋𝑀 is the channel component 
and N(𝑖) ∈ 𝑐𝑁𝑋𝑇  is the noise component. 

At the receiver the error is detected by using maximum-
likelihood (ML) frequency domain. The CE-OFDM behave as 
OFDM, thus facilitate tolerable computational complexity[13].   

 

Thus, constant envelope OFDM STSK scheme uses optimum 
maximum-likelihood detection that estimates the index of 
dispersion matrix q, and the index of mapped symbol l, in 
which estimates the source information[7]. The maximum 

likelihood for one stream for indexes q and l can be estimated 
as    

(𝑞, 𝑙) = 𝑎𝑟𝑔  𝑚𝑖𝑛𝑞,𝑙 {||𝑌𝑝 − 𝐻𝑝𝜒𝐾𝑞,𝑙||
2

} (6) 

Where  

 𝒀𝒑 = 𝐯𝐞𝐜(𝐘(𝐢))𝛜𝑪𝑴𝑻𝑿𝟏 is the vectorial stacking of 
MIM0-STSK of received signal over pth subcarriers. 

 𝑯𝒑 ≜ 𝑰⨂𝑯(𝒊) ∈ 𝑪𝑴𝑻𝑿𝑵𝑻  
 𝝌 ≜ [𝒗𝒆𝒄(𝑨𝟏). 𝒗𝒆𝒄(𝑨𝑸)] ∈ 𝑪𝑵𝑻𝒙𝑸  
 is the channel matrix related to pth, sub carrier. 

𝑲𝒒,𝒍 ≜ [𝟎 … . 𝟎, 𝑺[𝒊], 𝟎 … . . 𝟎]𝑻 ∈ 𝑪𝑸𝒙𝟏  [s(i)] is the one of the 
mapped symbol from QAM/PSK constellation[6][10]. 

In this paper, the observer the performance of the STSK system 
at Q=4 and using the achievement obtained in [10] which 
indicated the Q4444, has best performance compare to other 
antenna configuration. 

 

 
Figure 1: block diagram for transmitter STSK-MIMO CE-OFDM 

 
Figure 2: block diagram for STSSK -MIMO CE-OFDM receiver 
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B. MIMO Constant envelope OFDM 

Constant envelope orthogonal frequency division 
multiplexing(CE-OFDM) implies the envelope for the 
amplitude of the signal /waveform is constant[14][15]. The 
baseband signal of CE-OFDM can be written as        

   𝑆(𝑡) = 𝐴𝑒𝑗𝜙(𝑡) … . (7). 

Where 𝜙(𝑡) is the phase of signal and A is amplitude of the 
signal. Therefore the instantaneous power of S(t) signal is 
constant  thus         |𝑆(𝑡)|2 = 𝐴2…………………..(8) 

 

Since the average power ratio is a constant implies that the ratio 
of peak power to the average power is a unity that makes 0dB 
PAPR, this make the basic advantage of CE-OFDM over 
conventional OFDM. The drawback of high PAPR in OFDM 
are; Desire of high efficiency, linear power amplifiers and 
reduction of power efficiency[16].  

The combination system block diagram of coded STSK MIMO 
with Constant envelope can be shown below. 

 
Figure 3: Block diagram for transceiver STSK MIMO CE-

OFDM system 

 

The STSK codeword is mapped to Hermitian IDFT, this is due 
to the fact that the input to phase modulation must be real. 
Therefore, the input to IDFT must be arranged into a zero 
padded conjugate symmetric data sequences as 

  𝑋𝑖𝑛_𝑖𝑑𝑓𝑡 = [0  𝑋   𝑍𝑝 0    𝑓𝑙𝑖𝑝(𝑋∗)] … , (9) 

 

So, the output of IDFT is given as   

    𝑥𝑜𝑢𝑡𝑖𝑑𝑓𝑡
= ∑

𝑋[𝑘] exp(𝑗2𝜋𝑛𝑘)

𝑁𝑑𝑓𝑡

𝑁𝑑𝑓𝑡
𝑘=0

′

, . (10)  

 

Before output of IDFT fed to phase modulation is normalized 
by dividing to its standard deviation that provide normalization 
of the variance of data before data being phase modulated. 
There are two important aspects in phase modulation which are 
amplitude(A) and phase, in this work the amplitude is constant 

and is equal to a unity. The phase signal is obtained by the 
multiplication of  normalized IDFT output with radian 
modulation index  2𝜋ℎ expressed as ; 

𝑠 = 𝐴𝑒𝑥𝑝 (𝑗2𝜋𝑥𝑛𝐶𝐸𝑂𝐹𝐷𝑀𝑛𝑜𝑟𝑚𝑎𝑙
) . . , (11)         [8][16] . where A 

is  given as 𝐴 =
1

√𝑁𝑡
, that makes the entire energy flow within 

a system as a unity. 

 

The phase modulation can be modulated whether by PAM 
(phase amplitude modulation or binary phase shift 
keying(BPSK). In this work BPSK is used to achieve the 
constant envelope[15][16].  

In order to determine the system performance and spectral 
efficiency the radian modulation index 2𝜋ℎ is taking 
consideration. At higher modulation order , when 2𝜋ℎ 
increases higher that 1rad the symbol error probability reduces. 
However, this contrary to small modulation order (eg 4QAM). 
The  valid radian modulation index is 2𝜋ℎ ≤ 0.7[2]. So, due to 
non-linear modulation effect of phase modulation the radian 
modulation index should be well managed. 

To overcome the ISI, the cyclic prefix is added after phase 
modulation that enhance the conversion of linear convolution 
to circular convolution. The front end is the Power amplifier. 

At the receiving side the received signal is processed in reverse 
way with addition of frequency domain 

Equalizer block as shown in figure (3). The FDE removes the 
effects of multipath in the channel which includes FFT, 
Equalizer and IFFT block[2][8]. In this paper only we will 
consider the ideal scenario(AWGN) the performance is 
assessed in with respect to performance of AWGN under STSK 
MIMO OFDM. In case of AWGN the after removing the CP 
the signal is fed to phase demodulation where the output of the 
phase demodulation is given as the inverse of phase 
modulation. The essence behind this paper is to reduce peak 
average power ratio and making OFDM more usefully than 
before. 

The peak average power ratio is computed as indicated by 
author in [17] 

 

SIMULATION RESULTS AND DISCUSSION 

The analysis of the performance of the system is assessed in 
AWGN scenario consideration of different radian modulation 
indexes. The table 1, below indicates the parameter for 
simulation. 
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Table 1: Parameters for simulation  

Parameters Values 

Number of IFFT size 512 
Number of subcarriers 64 
Sampling factor 4 
Number of dispersion matrix(Q) 4 
Symbol duration T 2 &4 
Number of antenna system 2x2 & 4X4 
Modulation type QAM 
Modulation level 4 

Radian modulation index 2𝜋ℎ ≤ 0.7 
Configuration of CESTSK (2224),(4444) 
SNR 0:2:16 

 

The figure 4 below indicates the similar properties SISO CE-
OFDM where modulation index for small modulation 
level(4QAM) must be obey the   2πh≤0.7 , however the best 
performance is achieved at radian modulation index equal to 
0.7[16][2]. The configuration of below is ( Q2224)CESTSK. 

 
Figure 4: 2x2 CE-OFDM MIMO STSK at different 

modulation index 

 
Figure 5: The 4x4 CE-OFDM MIMO STSK at different 

modulation index with T=2. 

Again in figure 5, shows the better performance with respect to 
the modulation index , thus make it to obey 2𝜋ℎ ≤ 0.7. at 0.7 
the Q4424 has better performance in comparison to other 
modulation index. This proves the statements of author in [2] 
that the radian modulation index affects the performance of the 
system. 

The figure 6, below is a 4x4 antenna setting specifically for 
(Q4444) CESTSK. Which has indicated better performance in 
different researches at which T=4 

 

Figure 6: MIMO STSK CE-OFDM at different    modulation 
index with T=4. 

 

Analysis of different configurations   are Q2224, Q4424 and 
Q4444 is explained below with respective results. 

Likewise, to 2x2 configuration system, the 4x4 configuration 
system exhibit the same properties. This prove the argument of 
the effect of radian modulation index to CE-OFDM systems.  

 
Figure 7: Performance analysis of STSK MIMO CE-OFDM 

and STSK MIMO OFDM 
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Figure 8: Performance analysis of STSK MIMO CE-OFDM 

and STSK MIMO OFDM at T=2. 

 
Figure 9: Performance analysis of STSK MIMO CE-OFDM 

and STSK MIMO OFDM with T=4. 

 

There is dramatic increase in performance of CE-OFDM 
MIMO STSK compare to MIMO to OFDM. This shows the 
advantage of CE-OFDM over OFDM. That can be observed in 
figure 7. where the BER is dramatically decreases as the SNR 
increases. Thus can be shown by figure 7,8, and 9. 

Regarding the author in [10] the Q4424 shows the better 
performance compare to Q4444 under AWGN scenario for 4x4 
antenna configuration. this has been observed in bellow figure 
10.  

 
Figure 10: The comparison of Q4424 and Q4444 

performance under AWGN 

CONCLUSIONS 

The fact that CE-OFDM has proven the best performance in 
relationship to the conventional OFDM. The STSK 
implementation on CE-OFDM has increased the performance, 
this means the STSK MIMO CE-OFDM is a good candidate 
multicarrier for 5G technology. However, the arrangement of 
the signal flow system performance is influenced by the 
AWGN system in which there is no effect of the channel. The 
STSK MIMO OFDM has better diversity and good 
performance in multipath channels than STSK MIMO constant 
Envelope OFDM. This is due to the fact that the MMSE-ML 
combination is much simpler detection mechanisms which 
deteriorate performance in multipath channel. The effect of 
channel to this work will involves the adjustment of detection 
by making the STSK MIMO OFDM and STSK MIMO CE-
OFDM to have the same detection mechanisms.  The future 
work should investigate how to improve the performance on 
CE-OFDM STSK MIMO system by using standing alone ML. 
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