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Abstract—This paper serves as a generalization of a wire-
less communications technique called space-time coded massive
(STCM) multiple-input multiple-output (MIMO). This general-
ized STCM-MIMO technique can use Nt number of transmit
antennas and Nr number of receive antennas. This allows the
system to be more openly customizable to fit the needs of the
wireless community and industry. With this generalization, the
wireless system exploits the symbol diversity provided by the
space-time coding and the interference cancelling abilities of
the massive MIMO antenna arrays and linear pre-coding. This
technique treats each massive MIMO transmit antenna array
similarly to how a traditional space-time system would treat
each antenna. Our results show that the proposed STCM-MIMO
technique significantly outperforms traditional space-time coded
MIMO and massive MIMO.

Index Terms—Massive MIMO, Space-Time Coding, Wireless
Systems, Diversity, Interference Cancellation

I. INTRODUCTION

FUTURE wireless communications technology needs to be
able to address the interference of an ever-growing user

density and to combat the attenuation of wireless channels
due to the presence of multipaths. Interference cancellation
and communication channel reliability can be attained through
space-time coding and employing massive MIMO technology.
Space-time coding permits the system to take advantage of
symbol diversity, which allows the receiver to recover data by
evaluating redundant transmitted symbols. Space-time codes
can also be evaluated with relative ease through linear pro-
cessing at the receiver, due to the intrinsic orthogonal nature
of space-time codes, which was explored by [1], [2]. Diversity
was explored further by [3], who generalized space-time cod-
ing configurations to permit the use of Nt transmit antennas
and Nr receive antennas. The authors further demonstrated
that the diversity of the system increases significantly as the
number of transmit and receive antennas increases. Although
the space-time coding schemes can increase diversity, they do
not permit the system to function efficiently with the inter-
ference from a large user density–for this problem, massive
MIMO techniques excel.

The large user density interference problem can be tackled
by incorporating a large number of transmit antennas with
linear pre-coding [4]. The linear pre-coding, at the transmit-
ter, allows the system to process the data and recover the
transmitted symbol by cancelling the interference from other
users–this is accomplished by massive MIMO’s asymptotic

orthogonal structure of the channel vectors with respect to the
matched pre-coded parameter vectors [5–13]. The pre-coded
parameter vector used in the system is the conjugate-transpose
(Hermitian) of the matched channel vector utilized from the
transmitter to the receiver. In [14], the authors explain the
pre-coded Hermitian parameter vector can be combined with
a very large number of antennas at the base station to retrieve
the transmitted symbol. This allows the system to be evaluated
through the law of large numbers, as explained in [15–17],
where the matched pre-coded parameter vectors’ and channel
vectors’ product is the squared magnitude of the matched
channel vector, and the mismatched vectors are treated as
being asymptotically orthogonal to one another. The linear
evaluation of the pre-coded transmit symbol permits the signal
to occupy the same bandwidth as the other users without any
significant detriment to the desired user’s signal.

STCM-MIMO techniques have been explored in the past,
where [18] discussed omnidirectional STCM-MIMO systems
by pre-coding a massive MIMO system with a coefficient at
the transmitter, and encoding the signal with the technique
introduced in [1]. In [19–21] STCM-MIMO is discussed by
creating diversity while using M transmit antennas at the base
station and two receive antennas at the user. In [19], [21],
the authors utilize the golden code for their symbol encoding
for the system. In above mentioned works, the base station is
equipped with a single array of M transmit antennas, where
diversity, through space-time coding, comes from pre-coding
the transmit symbols and equipping the receiver with multiple
antennas.

In this paper, we propose a generalization of STCM-MIMO
where the system uses space-time coding and transmit an-
tenna array configurations to increase the symbol diversity
of the system while simultaneously taking advantage of the
interference cancellation and bandwidth efficiency of massive
MIMO. This scheme was introduced in [22], where the authors
explored a system with two transmit antenna arrays, at the
base station, to transmit two space-time coded symbols to
a user with one receive antenna. In the proposed STCM-
MIMO configuration, we consider M transmit antennas and
Nr receive antennas. We group M

Nt
transmit antennas in each

array resulting in Nt transmit antenna arrays and a total of M
transmit antennas. By using this configuration, the diversity,
and therefore the system reliability, increases as Nt and Nr

increases. We demonstrate that the proposed STCM-MIMO
system significantly outperforms traditional space-time coded



MIMOsystemsaswellasuncoded massive MIMOsystems,
inthecaseofhavingM muchgreaterthanNt×Nr.

II. GENERALIZEDSPACE-TIMECODES

Space-timecodesareusedin wirelesscommunications
systemsfortheirsystemreliability whichisadirectresult
ofthesymboldiversitythattheycreateforthesystem.This
technique waspioneeredby[1] whoexploredaspace-time
codedconfigurationwithtwotransmitantennasandNrreceive
antennas,anditwaslatergeneralizedby[3]whoexpanded
thesystemtobeconfiguredwithNttransmitantennasandNr

receiveantennas.[3] wasabletoexpand Alamouti’sspace-
timeencodingfroma2×2encodertoaNt×tspace-time
encoderthatcorrespondstothenumberoftransmitantennas
andthenumberoftimeslotsusedinthedesiredspace-time
codeconfiguration.

Thegeneralizedreceivedsignal,discussedin[3],takesinto
accounttheNttransmitantennasandNr receiveantennas,
andcanbeexpressedinEquation1,

rp
t=

Nt−1

j=0

hp,jxj
t+np

t (1)

whererp
t isthereceivedsignalattimetandreceiveantenna

p,Ntisthetotalnumberoftransmitantennas,hp,j isthe
channelbetweenreceiveantennapandtransmitantennaj,
andnp

tistheAWGN.Thesignalxj
tisthespecificsymbolat

timetfromtransmitantennajcorrespondingtoTableI.As
explainedin[3],thespecificsymbolsxj

t,j=1,2,...,Ntare
transmittedsimultaneouslyattimetfromtransmitantennas1
throughNt.

Letusconsiderasystem with4transmitantennasand2
receiveantennas,inordertoencodethethesymbolsfrom
TableIatthetransmitter,(seeFigure1).

Fig.1:Space-TimeCoded4×2Configuration

Thistableshowsthreesymbolsarebeingtransmittedover
fourtransmitantennas–thisistoallowahigherdataratethan
thetransmissionoffoursymbols,duetothesmalleramount
oftimeblocksnecessarytoachieveorthogonality.Thiscode
hasarateof3

4,derivedfromthreesymbolsbeingtransmitted
throughfourtimeblocks[3].

Oncethereceivedsignalisdetected,theappropriate 3
4

ratedecodercanbeimplementedatthereceiver,toestimate

TABLEI:3
4 RateSpace-TimeEncoder
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2
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2
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2

(s0+s∗
0+s1−s∗

1)

2

thetransmittedsignal. Theappropriatedecodingformulas,
correspondingtotheencoderofTableI,canbeexpressedas
Equation2[3]. Wheres̃0,̃s1,and̃s2aretheestimatedsignals
ofs0,s1,ands2respectively.

We willusethiscodetodemonstratehowtodevelopa
STCM-MIMOstructurewithhighdimension MIMOconfigu-
rationsandspace-timecodes.

s̃0=

Nr−1

j=0

rj
0h∗

0,j+(rj
1)∗h1,j (2a)

+
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+
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2)∗(h0,j+h1,j)√
2

+
(rj

3)∗(h0,j−h1,j)√
2

III. GENERALIZEDSPACE-TIMECODEDMASSIVEMIMO

A.Simple2×1STCM-MIMOSystem

A 2× 1STCM-MIMOsystemtakesadvantageofthe
space-timeencodingschemediscussedin[1]andexploitsthe
interferencecancellationprovidedfromthe massive MIMO
pre-coding.Figure2depictsamodelofa2×1STCM-MIMO
system,wheretwosymbolsaretransmittedfromtwotransmit
antennaarraysofM

2 antennaseach.This modelutilizesthe
fullratesymbolencodingschemeproposedby[1],withtwo
transmitantennasandtwotimeslotsfortransmission.The
receivedsignalatthereceivercanbeexpressedas[22]:
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r̃0 = r̃(t) = wH
0 h0s0 +wH

1 h1s1 (3a)

+
K−1∑
j 6=0

(wH
2jh0s2j +wH

(2j+1)h1s(2j+1)) + ñ0

r̃1 = r̃(t+ T ) = −wH
0 h0s

∗
1 +wH

1 h1s
∗
0 (3b)

+
K−1∑
j 6=0

(−wH
2jh0s

∗
(2j+1) +wH

(2j+1)h1s
∗
2j) + ñ1

where r̃0 is the received signal at time slot t, r̃1 is the received
signal at time slot t+T , wj is the massive MIMO pre-coding
parameter equal to Nt

M hj , and K is the number of users with
one receive antenna each.

Fig. 2: STCM-MIMO 2× 1

B. Generalized Nt ×Nr STCM-MIMO System

A generalized STCM-MIMO system can be considered
where Nt is dependent on the space-time encoder being used,
and Nr is dependent on the desired diversity for the system.
In the case of the 3

4 rate encoder from Table I, there are
four columns in the encoder matrix, which correspond to
Nt = 4 arrays of M

Nt
transmit antennas each, for a total of M

transmit antennas for the system. The coded symbol from each
column, in Table I, are transmitted from the corresponding
array of M

4 transmit antennas to the receiver. Let us consider
a 4 × 1 configuration, so the system only utilizes 1 receive
antenna. The system takes into account the diversity gain
from four channel vectors being used from the four transmit
antenna arrays to the one receive antenna. If greater diversity
is required, more receive antennas can be utilized to create
more channels from transmitter to receiver. In the case of a
4× 2 system, two receive antennas are used, and the diversity
of the system will be evaluated over eight channel vectors
from transmitter to receiver.

Through combining Equation 1 and Equation 3, Equation 4
can be easily derived, which is generalized to use any encoding
scheme desired for STCM-MIMO:

rpt =

Nt−1∑
i=0

wH
p,ihp,ix

i
t +

K(Nt−1)∑
j=0

wH
n,jhp,jx

j
t + ñp

t (4)

where rpt is the received signal at time t and receive antenna
p, wH

n,j is the pre-code vector parameter corresponding to the
channel from transmit antenna j and to receive antenna n,
where n 6= p, K is the number of users, Nt is the total number
of transmit antenna arrays in the system, xi

t is the specific
symbol at time t and from transmit antenna i corresponding
to the coded symbols of Table I, and ñp

t is the AWGN.
This configuration allows the STCM-MIMO system to

utilize any combination of transmit antennas and receive anten-
nas. The estimated signals can be found through the techniques
described by [3], where the space-time coded symbols used
can be simply linearly decoded. For example, a 4× 4 space-
time encoder, located in Table I can be used within this STCM-
MIMO system. Using this 3

4 rate space-time encoder, the
STCM-MIMO received signals can subsequently be decoded
as seen in the 3

4 rate combiner shown in Equation 5 derived
from [3]

s̃0 =

Nr−1∑
j=0

rj0‖h0,j‖2 + (rj1)
∗‖h1,j‖2

+
(rj3 − rj2)(‖h2,j‖2 − ‖h3,j‖2)

2
(5a)

− (rj2 + rj3)
∗(‖h2,j‖2 + ‖h3,j‖2)

2

s̃1 =

Nr−1∑
j=0

rj0‖h1,j‖2 − (rj1)
∗‖h0,j‖2

+
(rj3 + rj2)(‖h2,j‖2 − ‖h3,j‖2)

2
(5b)

+
(−rj2 + rj3)

∗(‖h2,j‖2 + ‖h3,j‖2)
2

s̃2 =

Nr−1∑
j=0

(rj0 + rj1)(‖h2,j‖2)√
2

+
(rj0 − rj1)‖h3,j‖2√

2
+

(rj2)
∗(‖h0,j‖2 + ‖h1,j‖2)√

2
(5c)

+
(rj3)

∗(‖h0,j‖2 − ‖h1,j‖2)√
2

where in Equation 5 s̃0, s̃1, and s̃2 are the estimated symbols
of s0, s1, and s2, respectively. Here the system is taking
advantage of the space-time code’s diversity, while already
having benefited from the interference cancellation due to the
massive MIMO linear pre-coding.

Figure 3 models a 4 × 2 STCM-MIMO system, where
each antenna array is composed of M

4 transmit antennas of
the total M transmit antennas. Three symbols, s0, s1, and
s2 are encoded and then transmitted from the four transmit
antenna arrays across eight channels, using the 3

4 rate space-
time encoding from Table I. Generally, the transmitted sym-
bol, from the corresponding transmit antenna array, is pre-
coded with a sum of Nr pre-code vector parameters due
to each channel created from that transmit antenna array to
the receive antennas. In the case of Figure 3, two pre-code
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Fig. 3: 4× 2 STCM-MIMO

vector parameters are used at each array to correspond to
the two wireless channels created from each transmit antenna
array to the two receive antennas. Without the sum of the
corresponding pre-code vector parameters, the transmit symbol
would be lost at the additional receive antennas, due to the
interference cancellation property of the system, and ultimately
no additional diversity would be achieved.

IV. COMPUTER EXPERIMENT RESULTS

The following computer experiments demonstrate the bit
error rate (BER) efficiency of the proposed generalized STCM-
MIMO system with Nt = 4 transmit antenna arrays in each
each of the STCM-MIMO system, with each transmit antenna
array having M

Nt
transmission antennas. Figure 4 demonstrates

STCM-MIMO systems with 4 × 1, a 4 × 2, and 4 × 4
antenna configurations while utilizing the 3

4 rate space-time
encoding from Table I in comparison to a space-time coded
only system of the same configurations and symbol matrix, and
to a massive MIMO system of M transmit antennas and one
receive antenna. Both of the STCM-MIMO simulations and
the massive MIMO simulation have their base stations com-
posed of M = 500 total transmit antennas, each normalized in
power to be equal to the four transmit antennas of the space-
time coded configurations. Each simulation also considers the
interference created by having three users in each scheme.

Fig. 4: 3
4 Rate Coding with 500 TX Antennas

The 4 × 1 STCM-MIMO configuration reached a BER of
10−5 at an SNR of 4 dB, performing 3.5 dB better than the

4 × 1 space-time coded simulation which reached a BER of
10−5 at an SNR of 7.5 dB, and 2 dB better than the 4 × 2
space-time coded and 2.5 dB better than the massive MIMO
simulations, where they both reached a BER of 10−5 at an
SNR of 6 dB and 6.5 dB respectively. While the 4×2 STCM-
MIMO configuration reached a BER of 10−5 at an SNR of
3 dB, performing 1 dB better than the 4 × 1 STCM-MIMO
simulation, 4.5 dB better than the 4 × 1 space-time coded
signal, 3 dB better than the 4 × 2 space-time coded signal,
3.5 dB better than the massive MIMO simulation. Ultimately,
the 4×4 STCM-MIMO simulation reached a BER of 10−5 at
an SNR of 1.5 dB, which was significantly better than all the
of the other simulations mentioned above, even outperforming
the 4× 2 STCM-MIMO simulation by 1.5 dB.

From this simulation, it is clear that when M >> (Nt×Nr)
the systems are able to take advantage of both the diversity
provided by the space time codes and the interference cancel-
lation of the massive MIMO technique. When Nt = 4 and
M = 500 the total number of transmit antennas for each
transmit antenna array in the system is M

Nt
= 125, which

remains sufficient to maintain said diversity and interference
cancellation for all four STCM-MIMO systems in the com-
puter simulation.

As Nr receive antennas increases, so does the number of
pre-coding vector parameters that are needed at the transmitter.
The number of pre-coding vector parameters is equal to Nr.
The system then creates auto-interference while transmitting
across its multiple channels due to having to assess the
redundant pre-coding parameter coefficients to ensure that
diversity is preserved throughout the system. The system also
experiences interference from the signals over Nt×Nr number
of channels from each other user. Figure 4 demonstrated that
when the M >> (Nt × Nr) then the STCM-MIMO system
will cancel the additional interference and still take advantage
of the diversity provided by the space-time coding.

V. CONCLUSION

The study in this research has shown that the generalized
STCM-MIMO performs more efficiently than massive MIMO
and space-time codes alone. Generalized STCM-MIMO was
shown to be able to take advantage of all the generalized space-
time coding techniques to obtain diversity of the system, while
maintaining the interference cancelling properties provided by
massive MIMO antenna arrays. For STCM-MIMO systems
with large Nt and large Nr, if M remains much larger than
Nt × Nr the system will maintain both diversity gain and
interference cancellation capability.

REFERENCES

[1] Siavish M. Alamouti “A Simple Transmit Diversity Technique for Wireless
communications”. IEEE Journal on Select Areas in Communications, Vol.
16, No. 8, October 1998.

[2] Anastasios Stamoulis, Naofal Al-Dhahir, and A. Robert Calderbank “Fur-
ther Results on Interference Cancellation and Space-Time Block Codes”.
Signals, Systems and Computers. Thirty-Fifth Asilomar Conference,
Pacific Grove, CA, November 2001.

[3] Vahid Tarokh, Hamid Jafarkhani, A. Robert Calderbank “Space-Time
Block Coding for Wireless Communications: Performance Results”. IEEE
Journal on Selected Areas in Communications, Vol. 17, No. 3, March
1999.

vida
Highlight

vida
Sticky Note
remove purple and green curves. Hardware wise these systems are very different from massive. 



[4] Thomas L. Marzetta “Noncooperative Cellular Wireless with Unlimited
Numbers of Base Station Antennas”. IEEE Transactions on Wireless
Communications, Vol. 9, No. 11, November 2010.

[5] Zhou Ge and Wu Haiyan “Linear Precoding Design for Massive MIMO
Based on the Minimum Mean Square Error Algorithm”. EURASIP
Journal on Embedded Systems, January 2017.

[6] Axel Mueller, Abla Kammoun, Emil Bjornson and Merouane Debbah
“Linear Precoding Based on Polynomial Expansion: Reducing Complex-
ity in Massive MIMO”. EURASIP Journal on Wireless Communications
and Networking, February 2016.

[7] Emil Bjornson “Massive MIMO Bringing the Magic of Asymptotic
Analysis to Wireless Networks”. International Workshop on Computer-
Aided Modeling Analysis and Design of Communication Links and
Networks (CAMAD), December, 2004.

[8] Samuele Zoppi, Michael Joham, David Neumann, and Wolfgang Utschick
“Pilot Coordination in CDI Precoded Massive MIMO Systems”. Work-
shop on Smart Antennas (WSA), Munich, Germany, March 2016.

[9] Emil Bjornson, Marios Kountouris, and Mérouane Debbah “Massive
MIMO and Small Cells: Improving Energy Efficiency by Optimal Soft-
Cell Coordination”. Telecommunications (ICT), 20th International Con-
ference, Casablanca, Morocco, May 2013

[10] Hien Quoc Ngo “Massive MIMO: Fundamentals and System Designs”.
Linkoping Studies in Science and Technology Dissertations, No. 1642,
Linkoping, Sweden, 2015.

[11] Kaifeng Guo, Yan Guo, Gabor Fodor, and Gerd Ascheid “Uplink
Power Control with MMSE Receiver in Multi-Cell MU-Massive-MIMO
Systems”. IEEE ICC Wireless Communications Symposium, 2014.

[12] Haralabos Papadopoulos, Chenwei Wang, Ozgun Bursalioglu, Xiaolin
Hou, and Yoshihisa Kishiyama “Massive MIMO Technologies and Chal-
lenges towards 5G”. IEICE Trans. Commun., Vol. E99-B, No. 3, March
2016.

[13] Lu Lu, Geoffrey Ye Li, A. Lee Swindlehurst, Alexi Ashikhmin, and Rui
Zhang “An Overview of Massive MIMO: Benefits and Challenges”. IEEE
Journal of Selected Topics in Signal Processing, Vol. 8, No. 5, October
2014.

[14] Jianwen Zhang, Xiojun Yuan, and Li Ping “Hermitian Precoding for
Distributed MIMO Systems with Individual Channel State Information”.
IEEE Journal on Selected Areas in Communications, Vol. 31, No. 2,
February 2013.

[15] David Neumann, Michael Joham, Wolfgang Utschick “Channel Esti-
mation in Massive MIMO Systems”. Technische Universität München,
80290 Munich, Germany, March, 2015.

[16] Erik G. Larsson “Massive MIMO for Next Generation Wireless Sys-
tems”. IEEE Communications Magazine, February 2014.

[17] Fredrik Rusek, Daniel Persson, Buon Kiong Lau, Erik G. Larsson,
Thomas L. Marzetta, Ove Edfors, and Fredrik Tufvesson “Scaling up
MIMO: Opportunities and Challenges with Very Large Arrays”. IEEE
Signal Processing Magazine, Vol. 30, No. 1, January 2013.

[18] Xiang-Gen Xia and Xiqi Gao “A Space-Time Code Design for Om-
nidirectional Transmission in Massive MIMO Systems”. IEEE Wireless
Communications Letters, Vol. 5, Issue 5, August 2016.

[19] Haiquan Wang, Xiaochun Yue, Deyue Qiao, Wei Zhang “A Massive
MIMO System with Space-Time Block Codes”. IEEE/CIC International
Conference on Communications in China (ICCC), July 2016.

[20] Roberto Magueta, Daniel Castanheira, Adao Silva, Rui Dinis, and
Atilio Gameiro “Two-Stage Space-Time Receiver Structure for Multi-User
Hybrid mmW Massive MIMO Systems”. IEEE Conference on Standards
for Communications and Networking, October 2016.

[21] Mohamed S. Abouzeid, Lukasz Lopacinski, Eckhard Grass, Thomas
Kaiser, and Rolf Kraemer “Efficient and Low-Complexity Space Time
Code for Massive MIMO RFID Systems”. 12th Iberian Conference on
Information Systems and Technologies, June 2017.

[22] Jeremy Ice, Reza Abdolee, Vida Vakilian “Space-Time Coded Massive
MIMO for Next Generation Wireless Systems”. CSCE 2017 Congress,
August 2017.




