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Abstract

Cognitive radio network (CRN) has been established to fix the problem of lacking radio spectrum
in the future because the wireless communication demands are rapidly increased. In order to solve this
problem, CRN is permitted to access any unused channel of the primary network (PN) in the common
area under the power control criteria to restrict the interference on PN. The spectrum sensing and
spectrum sharing technique are applied by CRN to aware the active and unused channel of PN and make
opportunity to access any unused channel. Moreover, each user of CRN can applies different multiple-
input multiple-output (MIMO) scheme to obtain the optimum performance because each user always
faces the different channel. Generally, there are two such MIMO schemes, namely, the space-time block
coding (STBC) and the spatial multiplexing (SM). The multi-mode MIMO systems, called hybrid MIMO
receiver scheme (HMRS) is proposed and applied for CRN. The simple techniques, successive
interference cancellation (SIC) and SM detection are jointly applied for HMRS to separate and detect all
layers at the receiver. From the simulation results, symbol error rate (SER) performance of HMRS
outperforms the existing hybrid MIMO techniques that apply sub-matrix decomposition technique. In
addition, the HMRS transmitter can detect all layers with low complexity. In this research, the SER
performance of HMRS and the existing hybrid MIMO are compared to validate the advantage of the
proposed technique. The analytical bit error rate (BER) is derived with channel estimation error (CEE).
Besides the measured results from hardware implementation confirm that the HMRS outperforms the

conventional MIMO systems in term of BER.
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321 MIATINIA muiyjm@uﬁu (Linear Signal Detection)
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o ] I a . . . .
322 mimamﬂmmmﬂmﬂmingqw (Maximum Likelihood Detection)
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Abstract: Multi-user multiple-input-multiple-output (MU-MIMO) systems are a promising technology for increasing spectral
efficiency and diversity gain in the up-link channel. Space-time block coding (STBC) or the spatial-multiplexing (SM)
scheme may selectively be used by each user. The simple techniques, zero-forcing (ZF), STBC and successive interference
cancellation are jointly applied to separate and detect all streams at the ZF-STBC MIMO receiver. Unfortunately the channel
estimation error (CEE) and error propagation (EP) are usually presented in practical multi-layers detection. In this study, the
author investigates the effect of CEE and EP on the bit error rate (BER) performance of the ZF-STBC MIMO receiver over
Rayleigh flat fading channels. They derive a nearly exact closed-form BER for general phase shift keying/quadrature-
amplitude modulation with CEE and EP for arbitrary number of users. Finally, simulation results demonstrate the validity of

the author’s analysis.

1 Introduction

For the up-link channel, multi-user multiple-input—
multiple-output  (MU-MIMO)  systems becomes an
interesting option for wireless networks because it can
increase the spectral efficiency and maintain the diversity
benefits [1—4]. With this technique, various users can
transmit their signals simultaneously to the receiver by
using different MIMO schemes. Generally, there are two
such MIMO transmission schemes, namely, the space-time
block coding (STBC) [5, 6] and the spatial-multiplexing
(SM), that is an implementation of the Vertical Bell Labs
Layered Space-Time (V-BLAST) algorithm or zero-forcing
(ZF) receiver [7, 8]. For multi-mode MU-MIMO systems,
either SM or STBC mode is may selectively be applied by
each user. Mode selection approach between SM and STBC
transmit diversity is discussed in [3, 4]. By considering the
scenario in cellular network, any users usually move to the
different locations and continue to face the different
wireless channels. Thus mode selection in real time
implementation should be continuously executed and
decided by the receiver corresponding to the average speed
of all users in the network. Generally, the existing works
usually discuss either channel estimation error (CEE) or
error propagation (EP). Unfortunately CEE and EP usually
occurred in practical multi-layers detection. The CEE can
cause error in the singular value of MIMO channel that the
singular value is the important parameter for making mode
selection at the receiver [4]. Therefore, the precision of
mode selection is directly deducted by CEE. However, EP

IET Commun., pp. 1-12
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only affects to the detection performance corresponding to the
numerical results. The simple multi-mode MU-MIMO
systems called ZF-STBC MIMO systems are presented in this
work. Each transmitted stream can be detected by applying
ZF detection, STBC decoding and successive interference
cancellation (SIC) [9] at the receiver as shown in Fig. 1.

In this paper, we analyse the effects of CEE on the
performance of ZF-STBC MIMO systems. During the
detection process, the receiver needs to know the channel state
information (CSI), however, accurate CSI will not be
available in practice. Moreover, before the receiver detects the
transmitted stream of the desired user, SIC is used to subtract
the transmitted stream of the other users. However, this
subtracted process cannot be done perfectly, because the
probabilities of bit error of the other users is always presented.
The error because of the SIC process is known as error
propagation (EP), and the degree of EP for the desired user
depends on total number of the other users. The performance
of receiver is limited by EP [7, 10]. Therefore, the effect of
CEE and EP need to be carefully considered in analysis and
simulation in order to obtain the real performance. The work
in [11] derived the closed-form bit error rate (BER) for
ZF-MIMO receiver for a general phase shift keying/
quadrature-amplitude modulation (PSK/QAM) in MIMO
Rayleigh channels with CEE. The nearly exact BER analysis
of ZF-SIC vertical Bell laboratories layered space-time
(ZF V-BLAST) for binary PSK (BPSK) modulation in
MIMO Rayleigh channels with EP have been presented
in [12]. The symbol error rate (SER) performances of the
MIMO-minimum-mean-square-error-SIC (MIMO-MMSE-SIC)

1
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Fig. 1 ZF-STBC MIMO systems

for a general PSK in flat Rayleigh-fading channels with EP
have been derived in [13]. The exact closed-form SER of
STBC system for general pulse-amplitude modulation
(PAM)/PSK/QAM with CEE has been described in [14].
However, these techniques do not consider both CEE and EP
on the general MIMO receiver as well as the multi-mode
MU-MIMO receiver. Multi-mode MU-MIMO has been
developed to apply in the next generation wireless network,
thus the actual effects of CEE and EP are not clearly
revealed from the real systems. However, the effect of CEE
and EP decrease the system reliability obviously as presented
in performance analysis and simulation results. Therefore, in
practice, the problems of CEE and EP should be effectively
solved by using an efficient channel estimation technique
and applying appropriate channel coding or time diversity
technique, respectively. From the above reasons, the
problems of CEE and EP should be carefully considered
otherwise we will miss the two important parameters for
designing wireless network in practice.

In this work, we focus on the effect of CEE and EP on the
effective signal-to-noise ratio (SNR) of ZF-STBC MIMO
receiver in uncorrelated Rayleigh flat fading channels with
N users and M receive antennas, where each user applies
two antennas. The estimation error of MIMO channel is
modelled as independent complex Gaussian random
variables [11, 15, 16]. The average effective SNR for each
data stream in ZF detection can be calculated by using a
weighted chi-square distributed random variable with
2(M—-2N+1) degrees of freedom. The effective SNR for
STBC decoding can be derived from the combined signals at
the receiver, where the average effective SNRs for ZF and
STBC are evaluated in the presence of CEE and EP. Next,
we apply the average effective SNRs to calculate tight
closed-form approximations for BERs of SM and STBC user
in ZF-STBC receiver for general PSK and QAM. In
particular, the work in [13] uses an approach base on the
total probability theorem to calculate the average SER that
apply 2" loops for computation, where N, denotes the total
number of transmitted streams of other users. Compared to
this work, our analytical approach applies only N,+ 1 loops
to calculate average SER or BER. An advantage of this work
is that we present the simple analytical method to derive the
average BER of multimode MU-MIMO systems in the

2
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presence of CEE and EP. Simulation results are presented to
demonstrate the validity of our analysis.

The remainder of this paper is structured as follows. In
Section 2, we present the system model and explain the
characteristic of error in imperfect channel estimation; then
we investigate the EP of other users for BPSK, QPSK and
QAM modulation signal. The performance analysis of
ZF-STBC MIMO is derived with the CEE and EP in
Section 3. Then the analysis and simulation results are
described in Section 4. Section 5 concludes the work.

2 System model

In this section, we explain a description of the system model;
discuss the characteristic and issue of EP because of the SIC
process for C-PSK and C-QAM modulation signal. Next, we
introduce the channel estimation model applied entirely
this paper.

2.1 Signal and system overview

We consider the ZF-STBC MIMO system with N
synchronous co-channel users (e.g. uplink cellular) in
Fig. 1, where each user equipped with N-element antenna
array (N,=2 for this work); we assume that J users are in
SM mode and the remaining N-/ users are in STBC mode.
All 2N MIMO streams are simultaneously transmitted over
the same frequency band without additional spreading to a
common receiver equipped with M-element antenna array.
All users are synchronous in the sense that each user
transmits its symbol vector in the synchronisation with
others. The transmitted signals are assumed to propagate
through the M x 2N random channel matrix H in the uplink
communication channel. The MIMO channel is assumed to
be a rich-scattering and flat-fading, all sub-channels
between all users and receiver are assumed to be
independence. We assume that the mode of operation of
each user is known at the receiver, which can be indicated
in the packet header. The received signal is then given by

N
Y=Y Hs +w (1)

i=1
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where the received signal ¥ is an M x | vector, the signals of
user 7 are sent through the M x N, random channel matrix H;,
s; represents N, x | transmit data symbol vector of user i
consisting of N, symbols each with a constellation size C
and w denotes M x 1 vector i.i.d. complex circular Gaussian
random variable; each element distributed as CN(0, N).
The average energy of the transmitted symbol is assumed to
be E;= E[/s,/ ], where s; denotes the element of s; The
overall channel matrix is denoted by H = [H: _V] that
assumed to have unit variance such that E[||H||}2=] = N,NM,
where the overall channel for all SM users and all STBC
users are denoted by H. = [Hl H, HJ] and
H =[H;, H,, Hyl,  respectively, Al
denotes the Frobenius norm of a x b matrix A, it can be

305 3y B

2
A..

Y

defined as ||A4] 2

expectation operator.

and E[-] is the

2.2 Error propagation in SIC process

In MIMO uplink channel, we normally use SIC to cancel the
early streams of the other users in order to detect the symbols
for the desired user. The previous detected symbols §,, of
other users in (2) are used to subtract with real symbols s,,
in the received signal ¥, where m=1, 2, 3, ..., N; then the
received signal for user & (desired user) can be described as

N

=Y- § mSm

m=1

(2

where k# m. However, the previously detected symbols
always have the probability of symbol error during
detection (s,, # §,,); thus the cancellation of SIC cannot be
completed without error. The error because of SIC process
is known as error propagation (EP). In [17], the EP has
been described in the form of distance between two
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different value depending on the type of modulation. The
symbol distance dgp for C-PSK case can be calculated [13]
by 4sin’(w/C), where dgp = |s,, — 3, For C-QAM case,
the symbol energy should be normalised by the average
energy [7] E,=2(C—1)/3. Thus the symbol distance dgp
for C-QAM case can be obtained by averaging the distance
of all symbol pairs in constellation that, as

S 2
dgp = (1/(C(C = D) X ¥ ‘s,. —s;

denote the symbol in constellation of C-QAM signal that
are normalised by /E,, and i#j. The pattern for the

appearance of EP has 2N possible patterns. However, the
pattern for the appearance of EP can be reduced to be N, +
1 possible patterns by using the coefficient vector By that
is addressed in Section 3, because some patterns of 2%
possible patterns have the same value as others. One way to
improve reliability in ZF receiver is to use STBC code,
which increase the diversity gain and also mitigate the
effect of EP in ZF receiver [18-20]. The detection process
of ZF-STBC MIMO in Fig. I can be explained in Table 1.

, where s; and s;

2.3 CEE model

The receiver needs to estimate the channels for decoding the
symbols from the transmitter, but the perfect channel
estimation cannot be done in practice. Thus the model of
CEE is described in this part. The good model to explain
the characteristic of estimated channel H at the receiver is
[11, 15, 16]

iI:H+np (3)

where all elements in @ are i.i.d zero-mean complex Gaussian
having zero-mean and unit variance, and 7 is used to measure

an accuracy of channel estimation. The value 7=0 is
presented in case of no estimation error. The normalised-

symbols; the average distance can be represented by mean-square-error (NMSE) between h; and h; can be
Table 1 Process of the ZF-STBC MIMO detection

Step Process

1 Begin: The 2N transmitted streams are sent to the receiver at the same time. Y represents the received signal vector Y at time

slott,, wheren=1, 2.

2 At DETECT1, all detected symbol $' = [s§ &, ...

§;"N] are obtained by 2N x M ZF detection. All detected symbols §' are

regenerated to be the estimated receive signal Yg’M for all SM users and Yg'TC for all STBC users at time slot t,, where

t, t, t, 1,
Ysrc= [Ys"'rcn Ysrca-- YS"TC,N—J]

ty t = ty . 5
Ysi=Yd— X Y, wherej # i
j=1
o ] p=g ]
Ysi=Ysr— E Ysre,

t;
Ss1c,i = dec( S Y§.i)
- ] —yR
YSTC.i - Ys,; and Yo, = Y4,
end

At DETECT?2, define Y's".r =Yh_ Y;"M. The detected symbols 3gy ; for all STBC users can be obtained by for i=1to N-J

where Sgrc; is 2 x 1 detected symbol vector for the ith STBC user and dec() denotes N; x M STBC decoding operation. Define

5= [&;TC ,ésTTC 25571[; g éSTTC N J], where T denotes the matrix transpose operation.

4 At DETECTS3, the new received signals Y of SM users can be obtained by SIC that, as Y = Y — YSTC' where YST,; denotes the
regenerated receive signal for all STBC users that is generated by the elements of s, accordmg to the STBC structure. Then Y is
used to detect the transmitted symbols for all SM users by applying JN;x M ZF detection.

End process.
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written as

E[(h,j - h]‘]
NMSE=-Lt 4

2
=
E[lhy1*]

(C)]

where hy, h; represent the (i, j)th element of H and H,
respectively. The correlation coefficient between the true
channel coefficients and their estimates can be defined as

E[nh;) |

——_-
JEURPY- ELRP] VIHT

where * denotes the complex conjugate operation. The
relation between NMSE and p in (4) and (5), can be shown as

p=1/vT+NMSE (6)

3 Performance analysis

The transmitted signals of ZF-STBC MIMO systems can be
simultaneously sent by multi-user including SM users and
STBC users. The transmitted symbols of each scheme can
be continuously detected by using the different MIMO
technique. Therefore, BER expression of each technique
can be separately derived by applying the different
methods. In this section, the BER analysis of both ZF and
STBC techniques is separately derived; then the BER
expression of both techniques are jointly applied to obtain
the average BER expression for each user by considering
the effects of CEE and EP.

3.1 Closed-form BER for ZF receiver

In this section, we derive the effective SNR and the
closed-form BER with CEE and EP for ZF detection. At
the fourth step in Table 1, the transmitted symbol with CEE
[11] and EP can be written as

=HY, =@+l Hs,+wiNAH) (1)

where H._ represents M x JN, channel matrix for all SM users,
s. denotes the JN, x 1 symbol vector for the all SM users,
¥ denotes the pseudo-inverse operation, N,AH,, term denotes
the total EP because of SIC process, A = /dgpE,, H,
represents M x | channel vector for one other user and the
M x 1 received signal vector Y. represents ¥ in Table 1,
regardless of time slot. However, 7<< 1 in practice, then the
pseudo-inverse of the estimated channel matrix can be
approximated by the linear part of the Taylor expansion as

A = 1 (1, — o) ®

thus (7) can be reformed as
A | (1.‘, - wH_T)(H_.s_. +w+N,AH,)
=s.+ ij = *rH_T(ps: = -rH_TcpH:rw ©)
+N,AH H, — N,AH] ¢H H,

From (9), the effective post-processing noise can be written as

W=Hlw—tHl ¢s. — H oHlw
. (10)
+N,AHTH, — N, AH] oHTH,

In Appendix 1, we derive the covariance matrix of # that can
be described as (see (11))

where tr(*) is the matrix trace operation. In [11], the mean of
£ ((H_f'H_.) . ) is quite small for practical number of transmit
and antennas  (M>JN,). Moreover, after
r,((H_f’H_.)fl) is scaled by 77 with <1, the term

receive

ft,.((H_f’H__)fl) in (11) can be ignored. Therefore, (11)
can be besides presented as

E[wi'"] = (Ny+ PNE, + N2AM)(HIH) ™ (12)

From (9) and (12), the effective SNR per symbol of the kth
stream can be described as

E /Ny
(1 +12N,E, /Ny + N}AZM/NO)[(1;1{."11_.)“]kA '

=19y ..., N

|

(13)

where [(Hf'H:)flLk denotes the (k, k)th elements of
(H"H.)™" From [21, 22, we know that 1 /[(Hﬁ’H_.)"]M_

is a chi-square distributed random variable with 2(M —
JN,+ 1) degrees of freedom. As the SNR distribution of
each stream is the same, the subscript £ in (13) can be
dropped. Thus we denote the average SNR per symbol of
each stream asy, = ¥y,g, where

E /Ny
1+ NE /N, + MdgpN2E,/Ny)

=]

(14)

and g denotes a chi-square distributed random variable with
2(M —JN,+ 1) degrees of freedom. However, N, in (14) can
be defined by 0 for the first detection, because the EP is not
presented before SIC process. From [11], we can write the
approximate BER expression for ZF detection with CEE
and EP as follows (see (15) at the bottom of the next page)

E[in'"] = (Ny + PNE, + 2Ny, (HIH) ™) + 2N as (02 8) )1 (1))

+ PN AsH t,.((HfH:)_I)HP«Hj)”) h + PN2A2M;, ((HfH:)_I )) (HH)™

4
© The Institution of Engineering and Technology 2014

-1
+N2A*M

(1n

IET Commun., pp. 1-12
doi: 10.1049/iet-com.2014.0740




69

where = \/(3Qi+ 1?%,)/(2C - ) +3Qi + 1)%3,),
G=M —JN, and | b] represents the largest integer that is no
larger than b. (see (16) at the bottom of the page)

where

s =\ 1sin? (i — D/ (1 + Y,sin(2i — 1)/C)),

[b] represents the smallest integer that is no smaller than b.
From [23], if we consider only the dominant terms (i=0, 1)
in (15), the equation can be reformed as (see (17) at the
bottom of the page).

3.2 Closed-form BER for STBC systems

At the third step in Table 1, each STBC user applies 2 x M
STBC scheme. The code rate of STBC is 1, there are L
symbols transmitted over 7' time slots, where L and T are
defined to be 2 for this work. The received signal for the ith
STBC user can be obtained by using SIC to cancel data
streams of all SM users and other STBC users from the
received signal, it can be described as

Ys',i = Hx.lxi + w’ + wcp (18)
where ¥,; represents the M x2 receive signal matrix
[Y:.fi Y?‘] during two successive time slot for the ith STBC
user addressed in Table 1, Hy; represents M x2 channel
matrix, x; is an 2 x2 transmission matrix of STBC, w’
denotes the M x 2 noise matrix with i.i.d. complex circular
Gaussian random variables, each element distributed as CN
(0, Np) and w, denotes the M x 2 error propagation matrix,
cach element of w., can be represented by we,=N,/,A.
Where hy,; denotes the channel gain describing the channel
of the EP of 2(N-1) other users from the /th transmit
antenna to the kth receive antenna, where h;; denotes the
sub-channel of H, ; describing the channel from the jth
transmit antenna to the ith receive antenna. The channel

matrix H,, is normalised such that E["H\_, Hi] =2M.
The average energy of the transmitted symbols per each

antenna are assumed to be E,/2, thus the average power of
the received signal for each receive antenna is E, and the
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average SNR per receive antenna is E,/N,. The total
average energy of a symbol duration can be written as E=
TE,=2LE,. Thus the average energy of the constellation
can be calculated as E,=TE,/2L=E,/2. At the receiver, the
received signals in the presence of EP are combined for

decoding by maximum-likelihood (ML) decoder. The
combined signal at the receiver can be expressed as

- 2 :

Fo= |Hylx+ W, (19)

where x denotes the element of matrix x;, v”vp is the noise plus

EP term after combining that can be expressed as

h.;

L
1

wo=w
p = E

=i

2 M
(20)

where w' = Z,\ hylx =% +w= ,V hyA + w, ¥ denotes
the detected symbol from the previous detection and w is
the element of vector w'. In Appendix 2, we derive the
covariance of W, that can be described as

B[y ] 2 [ B3 (Vo + N,A%) @1

"p
The transmitted symbol can be determined by . =

2
argmin.c |7, — |H; Hé?‘ . Thus from (19) and (21), the

effective SNR per symbol after STBC decoding [14] is
derived in Appendix 3 that can be expressed as

2
| ille

e T 22)
2(1/7+ N,dgp/2) (

where y=E,/N,=2E//N,. The probability density
function (pdf) of the effective SNR (y,) under imperfect
channel estimation and EP can be described as a function of
the correlation coefficient. The similar pdf of the y, with
CEE have been proposed in [14, 24, 25], the pdf of the

i
- g el [ Je J . gt 1
F PO . =L o
P’i(;QAM_ﬁ]ng\/f AZ=|: i=0 A ’ ve +2 (15)
1 G+1 G G+] 1 j
T G
X [2 M ,Z_(; ; FA
, mf§)
PIZF (16)

-

hC—PSK = m

o

2

G+l G G+j 1 j
—ui)] ( ,j)[§(1+u;)”
=N

2(VC=1)T1 HEG+\[1 F2(VC-1)T1 O /G+i\[1 /
L LR o | T el IR ) o
v ool A DS WY | XS] R/ oy ol PR 120 ;g0
17
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Table 2 Pattern vector for presenting error propagation

N, Coefficient vector (B, ) The pattern vector for appearance of EP ('/‘N.,)
=[(3) (%) ()]

B, [(o | W Jresr
1 1,1 [Pso, (1= Peo)]
2 1,21 [Pgo, Pyl — Pyo), (1 — Pw)z]
3 (1,3,3,1] [Pia. Pial1 = Puo). Poglt = Pool. (1~ Pogl’]
4 11,4,6,4,1] [Phor Piol1 = Poo). Po(1 = Pral, Prgl1 — Pog)®, (1= Pr)*]
5 (1,5,10, 10,5, 1] [PZO. Pio(1— Prg), Pio(1 = Pug)?, PEo(1 — Pyg)®, Pigl1 — Peg)*, (1 - P,,o)s]
6 [, 6, 15, 20, 15, 6, 1] [Pg,, PEo(1 = Pyg), Piol1 = Pg)?, PRo(1 — Pyol®, P21 — Pyg)®, Pool1 — Pyg)®, (1 —P,,o)s]
n [(8)(’1’) (;’) (nL)(Z)] [P[,'o, P (1= Pyg), PL (1 — Pyg)?, P (1 — Py, ...,P,,o(1—Pw)"“,<1-Pw)"]

received instantaneous SNR is described as

e % ISTAAYZ R A YA R
<1—p2)"”"’;(ﬁ)< k )(l—fr"

k

)

(23)

Py, (Ya) =

where D=2M, q = |H,,|}/7, = 2(1/7+ N,dgp/2), and
(Z) denotes the binomial coefficient given by

(Z) = n!/(n — k)'k!. The Bemstein polynomials can be
applied to regroup term [26, 27] in (23) as follows

BU ) kgt qm
® 1%

D
Py =Y

k=1

(24)

where I'(-) denotes the Gamma function and the Bernstein
2 — 0" The

(1

/)

exact closed-form SER for STBC systems have been
proposed in [14]. The instantaneous SER of C-PSK and
rectangular C-QAM for the effective SNR 7, over an

AWGN  channel are P, psg (7,) = @,0(/Gpscy,) and
2

P, oam(Ya) = [1 = a,,Q(,/GQAMy‘,)] , respectively, where

a,=2, Gpsg =2sin*(x/C), a, = 2(1 — 1//C) and Goam=

3(C—1) [17, 28]. The SER over fading channel can be
often described by

polynomials is defined as B}(r) &

m

[ e(vam)e et a

Vb, g, m) =
25)

m—1

-]

where & = \/b/(b+ 2q), b=Gpsk or Goam depending on
modulation scheme. By applying (22), (24), (25) and the
instantaneous SER over AWGN channel, the BERs for
C-PSK and C-QAM signalling with CEE and EP can be

6
© The Institution of Engineering and Technology 2014

expressed as

(II

D
’C ZB:P—_II(IJZ)V(GPSK’ g.i)  (26)
2% =1

STBC
P bCPSK =

log

2

1. 1 D & i
Pfsr.](%mvl = TomC I = (l _aquiD—ll(pz)V(GQAquvl))
2 i=1

27)

3.3 Average BER for STBC users

From Fig. 1, the ZF-STBC MIMO system is operated by
STBC and SM users. The receiver detects the transmitted
symbols successively by ZF detection and STBC decoding
for each user. The BER performances of each user are
different depending on the modulation scheme, number of
antennas and number of users. In this part, we explain the
procedure to evaluate the average BER for STBC user in
ZF-STBC MIMO systems. By considering the presence of
EP in multi-layers detection, the presence of EP can be
appeared by N,+ 1 different patterns that represented by
vector 4y in Table 2, each pattern has a different
frequency for appearance that can be described by the
elements of vector By . The different pattern also gives the
different bit error probability according to the element in
vector Py from Table 3. Finally, vector BAV“, Yy, and
P, y, are jointly employed to calculate the average BER for
the desired user corresponding to [12, 13]. From the first
step in Table 1, all transmitted symbols are detected by
applying 2N x M ZF-detection; the bit error probability at
this step named P. can be evaluated by replacing (14) into
(16) or (17) depending on modulation scheme, where N, in
(14) is defined by 0 because of no EP in the first detection.
Then define P.= Py, for vector lllN” in Table 2, select the
coefficient vector B‘Va by determining N,=2(N-1) and
compute BER vector P, in Table 3, where each element
in vector P,y can be calculated as follows

2

700 = 5Bl (@8)
2(1/7 + xdgp/2)
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doi: 10.1049/iet-com.2014.0740




71

www.ietdl.org

Table 3 BER vector

N, BER vector (Pb,N')

Py = [Py(3(1), Py(y(ON]
Pyy = [Py ¥(2)), Py( ¥ (1), Pyl ¥(ON]
Pos = [Py(7(3), Py(7(2)), Po(3(1), Po(3(ON]
Pys = [Py Y(8), Pyl ¥(3), Pyl ¥(2)), Pyl ¥ (1), Pyl 7 (ON]
Pos = [Py 7(8)), Py 7(4)), Py(7(3)), Po(¥(2)), Po( (1)), Py(7(ON]
Pog = [Py 7(6)), Py ¥(5)), Pyl ¥ (4)), Pyl 3(3)), Pyl 3(2)), Po(7 (1)), Po(7(ON]

T O A WN =

n Py = [Pyl 3(n), Py 3(n— 1), Pyl ¥(n—2), Py ¥(n=3)), ..., Py(¥(1), Pyl ¥(ON]

- . D |H, ”2 For calculating the average BER of STBC user (P, sryc ). the
P,,('y‘.()()) =L Z B,-n__l'(pz)V(GPSK, L ) bit error probability P. of the first detection is initially
- log,C = Y(x) calculated by replacing (14) into (16), where N,=0 and G =

(29) M — N,N. Next, we evaluate Py grpc by (32), where N,=2
(N—1), Pyy=P. for vector s in Table 2 and the elements
or (see (30)) of P, in Table 3 can be calcufated by (28), and (29) or (30).

where ,(n) = y(n) in Table 3, (28)~(30) are modified from 3.4 Average BER for SM users

(22), (26) and (27), respectively. Equations (29) and (30) can . .

be chosen for C-PSK and C-QAM modulation, respectively. To mitigate the effect of EP from other layers, the transmitted

All elements of P, in Table 3 can be calculated by (28), symbols for SM user are detected after STBC decoding and

(29) or (30) Here“ S simple method to estimate SIC process according to the fourth step in Table 1, thus the
2 s 5 : Py srpe in section C is applied for evaluating the average

the probability of bit error Py, of user k take into account LAy = =

he off ; ing | probability th BER for SM user (P, qy). Pjsy can also be evaluated by

the effects of EP. By using the total probability theorem, (32), where Py, = P, . for vector i, in Table 2, N,=2

we can describe (N—=J), G=M—JN, and the elements of P, in Table 3
- can be calculated by (33), and (34) or (35) as follows
Pyy= Y By (mPr{EP|Pr{e, [EPY} (31) ~
”Z;: ’ ' 3 . E,/N, -

) (1 + PN,E,/Ny + Mdgpa?E [/ N,)
where the N,+ 1 mutually exclusive events EPf,", with
ZN"“ B)\-“(n)Pr{EPf,k)} =1, regarding the (k—1) previous

n=1

symbols decisions, PT{EP# )} is the probability of event where (see equation (35) at the bottom of the next page)
EPf,k) and Pr{e,‘IEP‘,,“} is the probability of making an error

in the detection of the symbols of kth user conditional on where
the event EP:,“. For convenient calculation, we write the
probability terms in (31) into vector form. All elements in : S 5

By, ¥y and P, are employed to calculate the average i = \/(3(2i+ 1)‘y:(a))/(2(C -D+3@2i+1) Y;(a)),
BER for STBC and SM user of ZF-STBC MIMO system
by modifying (31) as follows

(see (34))

;':(n) = ;I(n) in Table 3, (33)—(35) are modified from (14),
N+l (16) and (17), respectively. Equations (34) and (35) can be

P, =~ o (D (P, v (i 32 selected for C-PSK and C-QAM modulation, respectively.
f ; P, Oy, OF ., 0) ©2) Finally, all elements of By , ¥ and P, in this section are

[1 = (l —aq Zf—.l Bg_ll(pz)v(GQAMv (||Hx‘i||i‘/;((/\/))a i))z]

- P,,(y(.(x)) - log,C G0
= \/ ¥.(esin’((2i — mr/C)/(l + Y. a)sin®((2i - l)w/C))
min(2,[C/47) G+l G . i (34)
e N 2 1 , G+j\[1 b
Ph(y_,(a)) . max(log,C, 2) ; [I:E(I —,u,)] JZ:(;( J )[E(I +#i):| ]
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Fig. 2 Performance comparison of V-BLAST systems and ZF-STBC systems with N =2, M
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Fig. 3 BER performance of OPSK ZF-STBC systems with N=2, M =5

employed to calculate the average BER for SM user of the
ZF-STBC MIMO system.

By averaging Pjgrpc and Py gy, the average BER of the
ZF-STBC MIMO receiver in the presence of CEE and EP
can be obtained. For the general number for N, J and M,
the BER of each user can easily be evaluated by assigning
N,=2(N-1) for STBC decoding and N,=2(N-J) for SM
detection. Moreover, (32), Tables 2 and 3 can be employed
to evaluate the average BER for both STBC and SM users.

4  Numerical results

In this section, we present numerical results for BER with the
effect of CEE and EP. Monte Carlo simulations are used to

verify our analytical derivation. Fig. 2 shows the BER
performance of the QPSK V-BLAST systems (the second
layer) and the proposed systems (SM user of QPSK ZF-STBC
systems) with CEE and EP when the accuracy of channel
estimation is about 0.99, 0.999 and 1 (perfect case) for N=2
users, M =15 receive antennas. It should be noted that the
performance of V-BLAST is worse than that of ZF-STBC for
all cases of p. This means that the EP problem in V-BLAST
or ZF-SIC receiver can be solved by STBC technique.
According to our analysis in (32) and (34), these results agree
very well with our simulation results shown in Fig. 2.

Fig. 3 shows the BER performance of QPSK ZF-STBC
systems, where the BER expression of STBC user shown in
(29) and (32), and BER expression of SM user given by
(32) and (34) when the accuracy of channel estimation are

) = QI+ DP7@)/2(C — 1) +3Qi + 1Y)

_\/Elogz\/f 2
2(VC-1) [1(1
VClog,v/C 2

;)b(;;(ﬂ))
+

8
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Fig. 4 BER performance of BPSK ZF-STBC systems with N =2, M =4

about 0.99, 0.999 and 1 for N=2 users and M=5 receive
antennas. From Fig. 3, we can see that the average BERs of
SM user offer higher reliability than average BERs of
STBC user because the transmitted streams of SM user are
detected after the previous STBC decoding that can
mitigate the EP problem. The analytical results correspond
closely to the simulation results.

Fig. 4 demonstrates the average BER performance of
BPSK ZF-STBC systems, where the BER performance of
both STBC user and SM user are averaged in the presence
of CEE and EP when the accuracy of channel estimation
are about 0.99, 0.999 and 1 (perfect case) for N=2 users
and M =4 receive antennas. From Fig. 4, we found that the
average BER performances are rapidly changed by varying
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Fig. 5 BER performance of 160AM ZF-STBC systems with N = 2,

, M =6
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the accuracy of channel estimation, and these agree with our
simulation results.

Fig. 5 illustrates the BER performance of 16QAM
ZF-STBC systems, where the BER of STBC user shown in
(30) and (32), and BER of SM user given by (35) and (32)
with EP when the accuracy of channel estimation are about
0.99, 0.999 and 1 (perfect case) for N=2 users and M=6
receive antennas. From Fig. 5, we can see that the average
BERs of SM user correspond closely to the average BERs
of STBC user. According to our analytical performances,
these results agree very well with our simulation results.

Fig. 6 shows the BER performance of QPSK ZF-STBC
systems with CEE and EP when the accuracy of channel
estimation is about 0.999 for N=2 (J=1), N=3 (J=1) and
N=4 (J=2) with M =8 receive antennas. From Fig. 6, the
simulation results agree with our analysis that, as the
number of user increases, the sensitivity of the ZF-STBC
system to the CEE and the EP increases.

Fig. 7 presents the BER performance comparison of QPSK
ZF-STBC systems between only CEE case, only EP case, and
both CEE and EP cases. From the first and second cases, it
should be noted that EP degrades BER performance more
than CEE. Significantly, the last case shows the most
impact on the system performance and it is most similar to
the real scenario. These mean that the problem of CEE and
EP should be carefully considered for designing wireless
network in practice.

5 Conclusion

In this paper, the performance of ZF-STBC MIMO receivers
over uncorrelated Rayleigh flat fading channel in the presence
of CEE and EP is investigated. The effective SNR and tight
closed-form approximations for the BER expression of
general PSK/QAM modulation are derived. It is found that
the effect of EP on the BER performance of SM user in
ZF-STBC systems is mitigated by the orthogonal property
of previous detection of STBC user. Besides, the BER
performance gets worse as N increases. By multi-detection
of ZF-STBC systems, the BER performance is rapidly
degraded by CEE and EP more than a single user MIMO
case; because the error of estimated channel and error
because of the SIC process are always present every time
during detection.
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7 Appendix
7.1 Covariance and effective SNR derivation

In this appendix, we derive the covariance of the effective
post-processing noise for ZF detection and STBC decoding

www.ietdl.org

in the presence of CEE and EP, and derive the effective
SNR per symbol after STBC decoding.

Covariance of the effective
ZF detection: (see

7.1.1 Appendix 1:
post-processing noise for
equation at the bottom of this page)

where we permute the matrixes by various relations as
H =
follows: HY(HT) =(HIH.) ™ E[s.s/1=E 1, E[ww'"]=
-1
Ny Eleg" =i, Eloul’n) ']

t,.((Hf’ H:)71>l)\:r.

and

7.1.2 Appendix 2: Covariance of the effective
post-processing noise for STBC decoding: (see
bottom of the equation)
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7.1.3 Appendix 3: Effective SNR per symbol after
STBC decoding:
ol

eI ) (1,

Ya= Fa o
b[n‘pu*]

P
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