
Performance Improvement Analysis of Wireless 
MIMO Channel in the Presence of Keyhole 

 
Md. Golam Mostafa*, Md. Masud Karim**, M. Z. Azam**, Ziaur Rahman**, Sarwar Bari**,  

S. P. Majumder*, Member, IEEE 
*Department of EEE, Bangladesh University of Engineering & Technology (BUET) 

**Department of EECE, Military Institute of Science & Technology (MIST), Bangladesh 

mostafa3593sigs@yahoo.co.uk, masudkarim521@yahoo.com, azam.1518@yahoo.com, zia_6058@yahoo.com,  
sarwar640@gmail.com, spmajumder2002@yahoo.com 

 
 
Abstract— Wireless communication systems always demand 
higher data rates and better quality of service (QoS). 
Transmission reliability in a wireless channel with high path loss, 
time-varying multipath fading and power and bandwidth 
limitations, is a testing issue. Multiple-input multiple-output 
(MIMO) systems can reduce the effect of these channel 
interferences and achieve reliable signal transmission at high 
data rate. Space-time block code (STBC) is a coding scheme for 
the use of multiple transmits antennas providing a simple 
transmit diversity scheme. In certain MIMO fading 
environments, the offered channel capacity can be very low, 
where despite rich local scattering and uncorrelated transmit 
and receive signals, the system has a single degree of freedom. 
This effect has been termed as keyhole or pinhole effect. This 
contribution analyzes the average symbol error rate (SER) 
performance of MIMO systems employing orthogonal STBC 
with M-PSK constellations over fading channels in the presence 
of the keyhole. The Nakagami-m distribution has been 
considered for MIMO channel modeling. We derive the 
probability density function (PDF) of instantaneous signal-to-
noise ratio (SNR) and an integral equation to calculate the 
average SER after space–time block decoding in such channels. 
Numerical results show that the keyhole significantly degrades 
the SER performance of the STBC in MIMO channels. The 
performance of such channels is a function of fading figure, m 
and diversity.  
 
Keywords— Keyhole, multiple-input multiple-output system, 
Nakagami-m fading, space-time block codes, symbol error rate. 

 
I. INTRODUCTION 

ULTIPLE-input multiple-output (MIMO) systems, 
which employ multiple antennas to transmit and receive 

data can increase the system capacity and improve 
transmission reliability [1]-[3]. They are able to provide 
diversity gain as well as spatial multiplexing gain. By 
transmitting multiple copies of data, a MIMO system can 
effectively combat the effects of fading. 
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   In realistic MIMO fading environments, however, the 
existence of rank-deficient keyhole or pinhole can reduce the 
diversity gain and spatial multiplexing gain of the channel 
significantly. If two elements of transmitting and receiving 
antennas are surrounded by clutters, it will lead to 
uncorrelated Gaussian channel, which has high capacity. Now, 
if a screen with a small keyhole is placed in between the 
receiving and transmitting antennas, the radio wave will only 
propagate through the keyhole. It has been demonstrated 
through physical experiments that MIMO systems even with 
uncorrelated transmit and receive signals can only have a 
single or reduced degree of freedom in the presence of 
keyhole, thereby severely degrade the system performance 
[1]-[4].  
    In [5], Alamouti proposed a simple transmit diversity 
scheme for two transmit antennas. This scheme was then 
generalized to an arbitrary number of transmit antennas, 
known as STBC [6]. STBC is a coding scheme for the use of 
multiple transmits antennas providing a simple transmit 
diversity scheme [7]–[9]. These codes retain the property of 
having a simple maximum likelihood decoding algorithm 
based on linear processing at the receiver. Due to orthogonal 
structure of the STBCs, STBCs designed for nT transmit with 
nR receive antennas can achieve a full diversity of nT × nR in 
independent and identically distributed (i.i.d) MIMO fading 
channels. The Nakagami-m distribution has been considered 
for MIMO channel modeling since a wide range of fading 
channels from severe to moderate, can be modeled by using 
Nakagami-m distribution. 
    In this paper, we present the performance improvement 
analysis of orthogonal STBCs in MIMO fading channels with 
keyhole using Nakagami-m distribution. We derived a PDF 
expression for instantaneous SNR using inverse Fourier 
transform. Furthermore, an integral expression is derived to 
calculate the average SER in order to quickly evaluate the 
performance of STBC in such channels. 
   The rest of the paper is organized as follows. Section II 
presents the MIMO system model using STBCs. Section III 
describes fading channel with keyhole effect. An integral 
expression to calculate the average SER is derived in section 
IV. Our analytical results are shown in Section V. Section VI 
summarizes this paper. 

M 
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II. SYSTEM MODEL 

   We consider a MIMO wireless communication system with ்݊ transmit and ݊ோ receive antennas shown in Figure 1. The 
channel is assumed to be a quasi-static flat fading one, with 
keyhole effect and the channel state information (CSI) is 
known at the receiver but unknown at the transmitter. Nb 
information bits are mapped as symbols ݏଵ, ݏଶ,…. ݏே which 
are selected from the M-PSK signal constellation, where 
b=log2M. Then, ሼݏ௡ሽ௡ୀଵே  are encoded by a STBC defined as a ݌ ൈ  ்݊  column orthogonal transmission matrix ࣡ 
 

࣡ ൌ ൮݃ଵଵ ݃ଵଶ … ݃ଵ௡೅݃ଶଵ ݃ଶଶ … ݃ଶ௡೅ڭ ڭ ڰ ௣ଵ݃ڭ ݃௣ଶ … ݃௣௡೅
൲                          (1) 

where the entries ݃௞௝, ݇ ൌ 1, 2, … .  and j=1, 2,…. ்݊ are ݌
linear combination of ݏଵ, ݏଶ,…. ݏே and their conjugates [8], 
[9]. At each time slot k, signal ሼ݃௞௝ሽ௝ୀଵ௡೅   are transmitted 
simultaneously through ்݊ transmit antennas. Since p time 
slots are used to transmit N symbols, the rate of the code is 
R=N/p. 
   The STBC ࣡ଶ, first proposed by Alamouti in [5], is a one-
rate code employing two transmitting antennas, defined by 
 ࣡ଶ ൌ ቀ ଵݏ כଶݏଶെݏ  ቁ                          (2)כଵݏ

For three and four transmit antennas the STBCs are 
represented by ࣡ଷ and ࣡ସ [8], where the rate of ࣡ଷ and ࣡ସ are 
half. The orthogonal space---time block encoding and decoding 
(signal combining) transform a MIMO fading channel into an 
equivalent single-input single-output (SISO) Gaussian channel 
with a path gain of the squared Frobenius (or Hilbert---
Schmidt) norm of the channel matrix [10]---[13]. In [14], it is 
also shown that the orthogonal STBCs are optimal in terms of 
the SNR. 
   The signal received by the ith antenna in the kth time slot is 
given by [2]  

௞ሺ௜ሻݎ  ൌ ∑ ݄௜௝݃௞௝ ൅ ݊௞ሺ௜ሻ௡೅௝ୀଵ                           (3) 

where ݊௞ሺ௜ሻ is a zero-mean complex Gaussian noise with 
variance N0/2 per dimension,  ݃௞௝  is the signal transmitted by 
jth antenna at time slot k and ݄௜௝ is the (i, j)th entry of channel 
matrix H.  The average energy of the symbols transmitted 
from each antenna is assumed to be Es/nT, so that the average 
power of the received signal at each receive antenna is equal 
to ቀாೞ௡೅ቁ ∑ ห݄௜௝ห൧ଶ௡೅௝ୀଵൣܧ ൌ  ௦ and the SNR per receive antennaܧ
is Es/N0. With perfect CSI, the ML receiver computes the 
decision metric [9]  ܦ ൌ ∑ ∑ หݎ௞ሺ௜ሻ െ ∑ ݄௜௝௡೅௝ୀଵ ݃௞௝หଶ௡ೃ௜ୀଵ௣௞ୀଵ                             (4) 

over all code words and decides in favor of the codeword that 
minimizes the sum D. 

III. CHANNEL MODEL 

A.   Fading 
   The most troublesome and frustrating phenomenon in 
receiving radio signals having variations in signal strengths, is 
known as fading. There are several conditions that can 
produce fading. Usually fading is a result of multipath 
propagation. When a received signal experiences fading 
during transmission, both its amplitude and phase fluctuate 
over time. For coherent modulations, the fading effects can 
severely degrade performance unless measures are taken to 
compensate for them at the receiver. 
    The multipath fading is classified as large scale fading and 
small scale fading. Small scale fading refers to the dramatic 
changes in signal amplitude and phase that can be experienced 
as a result of small changes in the spatial position between 
transmitter and receiver. Small scale fading can be divided as 
flat fading, frequency selective fading, fast fading and slow 
fading. Out of those, flat fading offers severe fading situation 
where as frequency selective fading causes the signal 
distortion. 
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Figure 1.  Space-time block coded MIMO system and Equivalent SISO model 
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    To design and investigate the perfor
communication systems, various statist
multipath fading channels are develop
distribution is a widely used statistical 
envelopes of signals in urban and sub-urban
to its great versatility. With a parameter m r
infinite, it can model different fading scena
moderate. The PDF of Nakagami-m distrib
ሻݎோሺ݌ [15] ൌ ଶ௰ሺ௠ሻ ቀ௠ఆ ቁ௠ ଶ௠ିଵ݁ష೘ೝమ೾ݎ ݎ   ൒ 0, ݉ ൒ 0.5 

where the parameter, ߗ and the fading figurߗ ൌ ,ሾܴଶሿܧ ݉ ൌ ሾሺܴଶܧଶߗ െ  ଶሻሿߗ
and ߁ሺ݊ሻ is the standard Gamma function  ߁ሺ݊ሻ ൌ ׬ ሻݔሺെ݌ݔ݁ ௡ିଵݔ ஶ଴ݔ݀   

B.  Keyhole 
    If two elements of transmitting and rece
surrounded by clutters, it will lead to unc
channel, which has high capacity. Now, i
small keyhole is placed in between t
transmitting antennas, the radio wave wi
through the keyhole [1]. 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 2. Keyhole MIMO Chann
 
 It has been demonstrated through physica
MIMO systems even with uncorrelated tra
signals can only have a single or reduced d
In this case the channel matrix H is a pro
Gaussian column vector and complex Gaus
shown in (7) 
 

થ ൌ ۈۉ
ۇ ௡ೃ݁௝ణ೙ೃߚڭଶ݁௝ణమߚଵ݁௝ణభߚ ۋی

ۊ ൫ߙଵ݁௝ఝభ    ߙଵ݁௝ఝభ ߙ    …   
 In (7), ൛ߙ௝݁௝ఝೕ ൟ௝ୀଵ௡೅ and ሼߚ௜݁௝ఝ೔ ሽ௜ୀଵ௡ೃ describe
at transmit and receive arrays, respectively
hij of H represents a complex channel coef
transmit antenna to the ith receive antenna

rmance of digital 
tical models for 
ped. Nakagami-m 
model for fading 

n environments due 
ranging from 0.5 to 
arios from severe to 
bution is given by 

                      (5) 

re, m are  

                       (6) 

eiving antennas are 
orrelated Gaussian 
if a screen with a 
the receiving and 
ill only propagate 

nel 

al experiments that 
ansmit and receive 
degree of freedom. 

oduct of a complex 
ssian row vector as 

௡೅݁௝ఝ೙೅ߙ ൯         (7) 

e the rich scattering 
. The (i, j) th entry 
fficient from the jth 
a. We assume that 

ሼߙ௝ሽ௝ୀଵ௡೅ and ሼߚ௜ሽ௜ୀଵ௡ೃ are i.i.d. Nak
severity parameters mT and mR r
ሻߙఈೕሺ݌  ൌ 2

Γሺ்݉ሻ ൬்݉
ΩT ൰௠೅ ߙଶ௠೅ߙ ൒ 0, ்݉ ൒ 0.5, ݆ ൌ 1, 2 … . ݊

ሻߚఉ೔ሺ݌  ൌ 2
Γሺ݉ோሻ ൬݉ோ

ΩR൰௠ೃ ߚଶ௠ೃߚ ൒ 0, ݉ோ ൒ 0.5, ݅ ൌ 1, 2 … . ݊
where Ω் ൌ ,௝ଶ൧ߙൣܧ Ωோ ൌ ߚሾܧ
function. All of the channel pha
assumed to be independent an
[0,2π]. Furthermore, we assu
reradiates the captured energ
scatterers, and that each entryܧ ቂห݄௜௝หଶቃ ൌ Ω். Ωோ ൌ 1 for 1, 2 … . ்݊. All of ߙ௝݁௝ఝೕ and ߚ
entries of H are uncorrelated, bu

IV. SER 
     Let ்ܧ௢௧ be the total ave்ܧ௢௧ ൌ ሾԡ࣡ԡிଶܧ ሿ ൌ .݌  ௦ whereܧ
norm of the matrix ࣡. From the 
the matrix ࣡, ்ܧ௢௧ can be also w்ܧ௢௧ ൌ ሺ்࣡࣡ሻሿ    ൌݎݐሾܧ ܧ ൥ݎݐ ൝൭ࣥ ෍หݏ௡ หଶே

௡ୀଵ ൱ ൡ൩ܫ ൌ
where I is the nT × nT identity
depending on the matrix ࣡. Fࣥ=2 for ࣡ଷ and ࣡ସ. We get 
constellation as ܧ଴ ൌ ௣.ாೞ௡೅.ࣥ.ே ൌ ாೞ௡೅.ࣥ.ோ 

   The instantaneous SNR per s
decoding is [2] ߛௌ்஻஼ ൌ ௞మԡࡴԡಷర ாబ௞మԡࡴԡಷమ ேబ ൌ ԡࡴԡಷమ ாೞ௡೅ோேబ  

where ԡܪԡிଶ  is the squared Frob
H. We can write the squared Fr
matrix as  

ԡࢧԡிଶ ൌ ෍ ෍ .௝ଶߙ ௜ଶߚ ൌ௡೅
௝ୀଵ

௡ೃ
௜ୀଵ ෍ ௝ଶ௡೅ߙ

௝ୀଵ
It is evident that, since ߙ௝  and ߙߚ௝ଶ and ߚ௜ଶ follow the Gߙ௝ଶ~�ሺఆ೅௠೅ , ்݉ሻ and ߚ௜ଶ~�ሺఆೃ௠ೃ ,

kagami-m variates with fading 
respectively, namely, 

೅ିଵ݁ష೘೅ഀమ
ΩT  ்݊            (8) 

ೃିଵ݁ష೘ೃഁమ
ΩR   ݊ோ              (9) ߚ௜ଶሿ and ߁ሺ. ሻ is the gamma 

ase shifts ൛߮௝ൟ௝ୀଵ௡೅ and ሼߴ௜ሽ௜ୀଵ௡ೃ are 
nd uniformly distributed over 

ume that the keyhole ideally 
gy, like transmit and receive 
y of H has a unit power, i.e., 

all ݅ ൌ 1, 2 … . ݊ோ and  ݆ ൌߚ௜݁௝ఝ೔ are independent and all 
ut rank (H) =1.  

R ANALYSIS 
erage energy of a block, i.e. ԡ࣡ԡிଶ  is the squared Frobenius 

column orthogonal property of 
written as 

்݊. ࣥ. ܰ.  ଴ܧ

y matrix and ࣥ is a constant 
For example, ࣥ=1 for  ࣡ଶ and    

the average energy of the 

   

symbol after space-time block 

                      (10) 

benious norm of channel matrix 
robenious norm of the channel 

௝ଶ ෍ ௜ଶ௡ೃߚ
௜ୀଵ  

 ,௜ are Nakagami-m distributedߚ
Gamma distribution, i.e., , ݉ோሻ.  
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   The MGF of ԡܪԡிଶ  is [2] ߶ԡથԡிଶ ሺݏሻ ൌ ଴ܨ ቀ்்݉݊, ݉ோ݊ோ; ; െ ௦௠೅௠ೃቁଶ                       (11) 

where ܨ௤൫ܽଵ, ܽଶ, … ܽ௣; ܾଵ, ܾଶ, … ܾ௤; ൯௣ݔ is the generalized 
hypergeometric function. 

From (10) and (11), the MGF of ߛௌ்஻஼  for keyhole MIMO 
channels can be written as [2] ߶ఊௌ்஻஼௄௘௬௛௢௟௘ሺݏሻ ؜ න ݁ି௦ఊ∞

଴ .  ߛሻ݀ߛఊௌ்஻஼௞௘௬௛௢௟௘ሺ݌

ൌ ଴ܨ ቆ்்݉݊, ݉ோ݊ோ; ; െ ௦ ಶೞಿబ௠೅௠ೃ௡೅ோቇଶ                      (12) 

where ݌ఊௌ்஻஼௞௘௬௛௢௟௘ሺߛሻ is the PDF of instantaneous SNR after 
space-time block decoding for keyhole Nakagami-m fading 
channels.  
   Now, (12) can be rewritten as ܨథሺ݆߱ሻ ൌ ଴ܨ ቆ்்݉݊, ݉ோ݊ோ; ; െ ௝ఠ ಶೞಿబ௠೅௠ೃ௡೅ோቇଶ                      (13) 

By performing inverse Fourier transform of (13) we can 
derive the PDF of ߛௌ்஻஼  for keyhole MIMO channels as  ݌ఊௌ்஻஼௞௘௬௛௢௟௘ሺߛሻ ൌ థሺ݆߱ሻൟ ൌܨ൛ܶܨܫ ଵଶగ ׬ ∞ି∞థሺ݆߱ሻ݁ି௝ఠ݀߱ܨ                        (14) 

The conditional SER for M-PSK signal is given by [16], [17] 

௦ܲெ௉ௌ௄ሺߛ|ܧሻ ൌ ଵగ ׬ exp ሺെ ఊ௚ಾುೄ಼ୱ୧୬మ ఏ ሻగ ି ഏಾ଴  (15)                    ߠ݀

where ݃ெ௉ௌ௄ ൌ sinଶ ቀగெቁ . Averaging (15) over the PDF ݌ఊௌ்஻஼௄௘௬௛௢௟௘ሺߛሻ, the average SER of STBC with M-PSK 
modulation over keyhole Nakagami-m fading channel is given 
by 

௞ܲ௘௬௛௢௟௘ெ௉ௌ௄ ሺܧሻ ൌ ଵగ ׬ ׬ exp ቀെ ఊ௚ಾುೄ಼ୱ୧୬మ ఏ ቁగ ି ഏಾ଴ ଴∞ߛ݀ߠሻ݀ߛఊௌ்஻஼௞௘௬௛௢௟௘ሺ݌  
           (16) 

V. RESULT AND DISCUSSION 
   In this section, we provide the results of our analysis for 
orthogonal STBC in MIMO system with keyhole Nakagami-m 
fading channel. The information source is encoded using 
STBC ࣡ଶ and ML detection scheme is used at the receiver. In 
all analysis we have set mT=mR=m. 
   Figure 3 plots the average SER versus instantaneous SNR 
per antenna for QPSK (M=4) modulation with varying fading 
figure m (m=0.5, 1, 2, 4, 8, 16). We found that SER decreases 
with the increase of fading figure, m.   
   For a particular SER the value of instantaneous SNR at 
different fading figures are plotted in Figure 4. For a particular 
value of average SER, with the increase of fading figure, m, 
the required instantaneous SNR is reduced, thereby improving 
the system performance.     

 

 

 

 

 

  

Figure 3. SER versus Instantaneous SNR for QPSK Modulation with 
varying Fading Figure,  m (m=0.5, 1, 2, 4, 8, 16) 

Figure 4. Instantaneous SNR versus Fading Figure, m for varying SER 
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   Figure 5 plots the instantaneous SNR versus squared 
Frobenious norm of channel matrix H for different fading 
figures. Here as we increased the value of ԡࡴԡிଶ , 
instantaneous SNR reduces for a particular fading figure, m. 
We considered the average SER of 10-3 for this case.  
    We have plotted the improvement in instantaneous SNR 
against number of transmit and receive antennas (diversity) in 
Figure 6 for a particular value of fading figure, m. We find 
that a significant improvement in performance of MIMO 
channel can be achieved by diversity even in the presence of 
keyhole. However, no significant improvement of 
performance is marked with the change of squared Frobenious 
norm of channel matrix H as shown in Figure 7.  

VI. CONCLUSION 

      We investigated the effect of keyhole, which makes a 
MIMO channel exhibit uncorrelated spatial fading between 
antennas but a poor rank property, on the SER of STBC. The 
fading between each pair of transmit and receive antennas for 
keyhole channels was assumed to be characterized by a double 
Nakagami-m distribution. We derived the PDF of 
instantaneous SNR after space---time block decoding and 
single finite-range integral expression for the average SER of 
the STBC with M-PSK constellations over keyhole 
Nakagami-m fading channels. Furthermore, we examined the 
effect of keyholes on the severity of fading and performance 
of STBC in Nakagami-m fading channels.  
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Figure 6. Improvement in SNR (dB) with Increase of Receive 
Antennas (Diversity) for varying Fading Figure, m 

Figure 7.  Improvement in SNR (dB) versus Fading Figure, m
for varying ||H||2 
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   We find that significant improvement in the performance of 
MIMO channel can be achieved by diversity even in the 
presence of keyhole. However, no significant improvement in 
performance is marked with the change of squared Frobenious 
norm of channel matrix H. 
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