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Abstract. In this paper, we propose a hybrid M-ary Quadrature Am-
plitude Modulation (M-QAM) transmission scheme that jointly uses
adaptive modulation and selection combining for singular value decom-
position (SVD)-based multiple-input multiple-output (MIMO) systems
(AMSC-MIMO). We derive exact closed-form expressions of the perfor-
mance of the proposed scheme in terms of the average spectral efficiency
and the outage probability. Numerical results show that the proposed
hybrid M-QAM scheme offers higher spectral efficiency and lower out-
age probability than the conventional adaptive modulation in MIMO
systems.
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1 Introduction

In order to meet the growing demand for mobile multimedia services, most of the
recent wireless communication systems employ various techniques that can alle-
viate the adverse effect of fading channel and enhance data rate and link reliabil-
ity. Diversity combining (DC) schemes are well-known techniques that can reduce
the multi-path fading effect and improve the reliability of communication chan-
nels by transmitting the signal over multiple independently fading channels and
coherently combining them at the receiver [I]. On the other hand, by using mul-
tiple antennas at the transmitter and receiver, multiple-input multiple-output
(MIMO) technology provides powerful performance-enhancing capabilities [23],
one of whose attractive features is the spatial-multiplexing gain over single-input
single-output (SISO) systems. By taking advantage of the frequency selectivity
and the time variation of fading channels, adaptive modulation (AM) is often
adopted in order to increase the spectral efficiency while still meeting the bit
error rate (BER) and the average transmit power constraints [4J5]. It has been
shown that we can achieve higher spectral efficiency by applying AM in MIMO
system (AM-MIMO) [6]. Apart from AM-MIMO, there are efforts to combine
AM jointly with DC to improve both the link reliability and the spectral effi-
ciency [78]. For example, [7] proposes a hybrid scheme to increase the spectral
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efficiency of multi-channel systems by using maximal ratio combining (MRC)
scheme jointly with discrete-rate adaptation. Although the MRC is optimal in
the sense of output SNR, its complexity is the highest among other conventional
diversity combining schemes since it requires to know the channel status of all
the branches between the transmitter and receiver. To reduce the complexity,
suboptimal schemes such as selection combining (SC) are often adopted with
the sacrifice of the performance [9II0].

In this paper, we introduce a hybrid M-ary quadrature amplitude modulation
(M-QAM) with adaptive modulation and selection combining in MIMO systems
(AMSC-MIMO). The distinctive feature of AMSC-MIMO is that, while applying
discrete-rate adaptation to each sub-channel of a MIMO system, it examines
sub-channels whose eigenvalue gains are below the cutoff threshold, selects a
sub-channel with the largest gain among them, and jointly determines the data
rate and transmit power of the selected sub-channel. Note that, under suitable
channel conditions, e.g., rich scattering environment, a MIMO channel can be
decomposed into parallel sub-channels by singular value decomposition (SVD)
and space-time pre-processing at the transmitter and receiver. In addition to the
spatial multiplexing gain of SVD-based MIMO channel, the proposed scheme can
exploit both the diversity gain and power loading gain to enhance the overall
spectral efficiency in low SNR region, by selecting a sub-channel whose eigenvalue
gain is the best among sub-channels below the threshold and enhancing the
transmit power of the selected sub-channel enough to meet the required BER
performance. We show in the paper that the proposed scheme increases the link
gain as well as the spectral efficiency comparing to the conventional AM-MIMO
scheme. In our study of the proposed scheme, we carry out performance analysis
in terms of the average spectral efficiency and the outage probability assuming
perfect channel state information (CSI) at both the transmitter and receiver,
and then we validate our analysis from the numerical results.

This paper is organized as follows. In Section II, the channel model and the
system operations under consideration are described. The performance analysis
of the proposed scheme is in Sections I1I, and the numerical results are presented
in Section IV. Finally in Section V, a brief conclusion is provided.

2 System Description

We consider a point-to-point communication model of the wireless system that
has multiple transmit and receive antennas at both the transmitter and receiver.

2.1 MIMO Channel Model

Assuming frequency-flat and uncorrelated Rayleigh fading over the bandwidth of
interest, we consider a MIMO system with np transmit and ng receive antennas
and the MIMO channel at a given time instant is represented by the chan-
nel matrix H, each entry of which represents the complex Gaussian channel gain
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between the mth receive and nth transmit antenna pair, say H, ., ~ CN(0,1).
The discrete-time input-output relation over a symbol period is given by

y = Hx+n, (1)

where Ennfl] = NyI,,. We assume a block fading model in which the com-
plex channel gain remains roughly constant over each transmission slot. At each
transmission slot, the transmitter sends a frame that consists of a burst of sym-
bols and short guard intervals are periodically inserted into transmitted frames.
During these guard intervals, the receiver perfectly estimates the channel state
information (CSI) including the channel matrix H and its statistical informa-
tion, which is fed back to the transmitter through a reliable link without error
and delay. By applying a SVD to H, we can express the MIMO channel as

H=UXV, (2)

where U and V are unitary matrixes with left and right singular vectors of
H, respectively, and 3 is an ny X np diagonal matrix whose main diagonal
elements are the singular values of H, {\/\;}% . By substituting (@) into (),
we can obtain an equivalent input-output relation as

Uty = »vHx + Un, (3)

From (3], we can see that the MIMO channel is decomposed into R parallel
sub-channels whose power gains are represented by the R x 1 eigenvalue vector
[A1,- -, Ag]T and input/output symbol vectors are ¥ = VHx and y = Ully,
respectively. The received SNR per sub-channel can be written as v; = P;A;/No,
where P; represents the transmit power per sub-channel. According to the pre-
vious works in [II] and [6], any unordered element in the eigenvalue vector, say
A, follows the probability density function (PDF) given as

R—-1 i i
1 . i _
A= 4 DD Ap(E, DN TP, (4)
i=0 j=0k=0
where A;(¢,D) = (i_j)Ié’if;{ggi;;?;;ik)wk!. Based on (), we can derive its

cumulative distribution function (CDF) as

Ajr(,D)y(j+k+D+1,2),

where (-, -) is the lower incomplete Gamma function [12].
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2.2 Mode of Operation

To enhance the spectral efficiency of the MIMO system, the transmitter adjusts
data rate of each sub-channel to the instantaneous CSI. Throughout this paper,
we adopt uncoded M-QAM with discrete-rate adaptation in each sub-channel
and transmit power is subject to the total transmit power constraint, Pr =
2?:1 P;. For discrete-rate adaptation, we assume the equal power allocation for
every sub-channel, P, = Pr/R, and the received SNR range of each sub-channel
is separated into N regions, {y7, }\_,, each of which is associated with M,,. For
uncoded M-QAM with square constellation set, M,, = 22" where n =1, - -, N,
and SFE, = 2n bits are transmitter per symbol. When the transmission mode
M,, for the ith sub-channel with v, < 3 < ~r1,., is given, the instantaneous
BER can be approximated as [13]

BER(My,~;) ~ cie” tm-1, (6)

where positive real values of ¢; and cs are set according to the BER bounds. As
an example, ¢; = 0.2 and ¢y = 1.6 for BERy < 1072 and M,, > 4. We assume
that the instantaneous BER of a sub-channel is subject to an instantaneous BER,
constraint, BER(M,,,v;) < BERy. Based on (@), we can obtain the required
eigenvalue gain, or equivalently, the received SNR to satisfy the instantaneous
BER constraint. For a given BE Ry, the switching threshold for M,-QAM can
be obtained from (@) as

7n:1a"'7Na (7)

where K = ln(cl/CBzERT)‘ Using the above definition of the received SNR per

sub-channel and (), we can write the eigenvalue gain corresponding to each
switching threshold as

)\Tn: P = :YK 711:].,"',./\/7 (8)
where ¥ = P;/Ny and we define yp = v, and Ap = Ap,, respectively, as the
cutoff threshold.

In this paper, we compare two different adaptive modulation schemes in
MIMO systems, 1) the conventional AM-MIMO and 2) the proposed AMSC-
MIMO, respectively.

Conventional AM-MIMO. According to the conventional M-QAM with AM-
MIMO in [6], discrete-rate adaptation is applied to each sub-channel indepen-
dently. While evaluating the condition of each sub-channel, the transmitter stops
transmitting data stream when the received SNR of a sub-channel is below the
cutoff threshold or, equivalently, A; < Ar. We denote the sub-channel as a cutoff
channel. When the received SNR of a cutoff channel is higher than the thresh-
old, the transmitter resumes data transmission on that sub-channel. In low SNR
regime, it is possible that a majority of sub-channels remain cutoff when the
MIMO channel suffers from deep fading; as a result, overall spectral efficiency
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of AM-MIMO system is reduced significantly since the cutoff channels are just
wasted without data transmission.

Proposed AMSC-MIMO. The objective of the proposed scheme is to increase
overall spectral efficiency of MIMO system by maintaining appropriate data rate
of cutoff channels to meet the instantaneous BER and the average transmit power
constraints. To accomplish the objective, AMSC-MIMO combines discrete-rate
adaptation and SC over cutoff channels. The detailed operation of AMSC-MIMO
is as follows.

1. Initially, the transmitter allocates equal power P = P; for every sub-channel
in the MIMO system. While performing slotted transmit operation, the
transmitter obtains the perfect CSI during guard periods and determines
\; of each sub-channel. If \; > Ar, the sub-channel is treated just as in AM-
MIMO and is ready for transmission right away. Otherwise, it is categorized
into cutoff channel and is not selected for transmission.

2. Among the remaining cutoff channels, the transmitter sorts them in order
of the eigenvalue gain and selects one with the highest eigenvalue gain, A\; =
max{\;}¢_,, as the candidate channel.

3. The transmitter recursively raises the transmit power of the candidate chan-
nel by borrowing the transmit power from the last of the ordered cutoff
channels, e.g., P = P + F¢ and sets Fc = 0 and C = C — 1, until it con-
sumes all the remaining power of cutoff channels or until the raised power
satisfies the instantaneous BER constraint, or equivalently, P;*A\1 /Ny > .
In the latter case, the candidate channel is removed from the cutoff chan-
nel list and is selected for transmission with the adjusted power, Pj, and
the transmitter repeats previous steps from 2) and selects another candidate
channel among the remaining cutoff channels. In the former case, the trans-
mitter terminates finding a candidate channel and stops further processing
the cutoff channels.

From the steps above, we can observe that the proposed scheme attempts to in-
crease the number of sub-channels that are capable of transmitting data streams,
while the total transmit power still meets the constraint, ZZ; P, < Pr.

3 Performance Analysis

In this section, we obtain closed-form expressions for the performance of the
proposed AMSC-MIMO in terms of the average spectral efficiency and the outage
probability. For the convenience of the analysis hereafter, we assume the initial
transmit power of every sub-channel is normalized as P, = Pr/R = 1 and,
accordingly, 7 = 1/Ny and v; = A;/No.

3.1 Eigenvalue Gain Distribution of a Candidate Channel

According to the operation of the proposed AMSC-MIMO, the ith candidate
channel is defined as a cutoff channel whose eigenvalue gain denoted as A¢; is
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the ith one among C cutoff channels. Thus, A¢ ; is the (C —i4 1)th order statistic
whose CDF is given by [14]

c

R = Y (§)mera - mwye o)

=C—i+1

We can also obtain the PDF of the order statistic, Ac ;, given as [14]

fealr) = Feale)
_ Ex(@)¢7 {1 = Fx(a)} !
= e ), (10)

where B(-,-) is the beta function [12].
Let us define an event E¢,; = {3\}; < Aci < Pi‘T1|)\Ci < Ar}, and denote

)\CCH = {PXc.i|Ec.i} as the adjusted gain of the ¢th candidate channel. Then,
we can derive the CDF of )\CCH

X T A
FEEH (2) = Pride < £, 3 S Aci < gl (11)
Pr[Ec’i]

0, T < Ap

_ ) Fea( @) —Fei(3L)
- ng 1,)\T§‘T<gi)\T7

L Gidr <x

where P = Pr[Ec,], and G; = P* < , - Differentiating (1)) with respect to = and
using (@), we can obtain the PDF of )\CfH, given as

- i pe )y Ar <o < GiA
CCH(‘T):{PPi*fC,(pi) T < Gidr (12)

C.i
! 0, elsewhere

3.2 Spectral Efficiency
The average spectral efficiency of the proposed AMSC-MIMO system is derived

as follows. At first we can write the average spectral efficiency as

R
SEMC =" SER cPrec, (13)
c=0

where Pr ¢ is the probability that there are C-cutoff channels, and SEx ¢ is its
spectral efficiency, which can be shown as

Pre= (g ) RO - B (), (1)
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and
15 )
SER,C - ch(kapk)SEC(kapk)v (15)
k=0
respectively. Note that Pe(k,p,) and SEc¢(k,p;,) in ([IT) represent the proba-
bility and the spectral efficiency of the event when k candidate channels are
selected among C cutoff channels (k < C/2), respectively. We denote p,, as a
vector whose element represents the adjusted transmit power of a candidate
channel. The vector p;, is drawn from a set that contains all the possible com-
binations of powers as its elements. For i.i.d cutoff channels, the probability,
Pe(k,py,), can be derived as
Pe(k,py) =Pr[PiAc1 > Ar, ..., Pider = Ar,
(Pl* — 1))\(3)1 < )\T, ey (P,;k — 1))\C,k < )\T,
(C — ’P(k))/\c,k_;,_l < >\T‘/\C,1 < )\T7 e,
Ac k41 < A7)
B ﬁ Fc,i(P;f‘T, 1) - FC’L(;\D?)
P Fei(Ar)

Feri(e —)\%(k))

7 16

Fe pr1(Ar) (16)

where P (k) = Zf:l Pr. The spectral efficiency, SE¢(k, p;,), is written as
SEe(k,py) = SE™ + Z SEGS™, (17)

A
where SE" is the average spectral efficiency of the conventional AM-MIMO
system with R — C independent sub-channels above the cutoff threshold, whose
closed form expression has been derived in [0], as

N
SEAM = (R — C) Z SEn (FA()\Tn+1) - FA(ATn)) ’ (18)

n=1

and S Eg ¢H is the spectral efficiency of the i-th candidate channel with transmit
power P, which can be represented as

e = 3 s, (19

where the probability PCCZC{I can be derived as
PEST =PrAr, < AGST < Ap, L]

— CCH()\T ) CCH()\T )

1,n=1
={o,n¢1~ (20)
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By substituting 20) to ([d), we can prove that the spectral efficiency of every
candidate channel is SE¢¢H = SE;.

3.3 Outage Probability

In the conventional AM-MIMO system, outage event is defined as the case when
every eigenvalue gain of the decomposed MIMO channel falls below the cutoff
threshold. As a result, the transmitter cannot transmit data stream when the
outage event occurs. The outage probability of the conventional AM-MIMO
system can be shown as

P =Pr[A; < Ap,- -, Ar < A7

out —

= {A(\r)} . (21)

In the proposed AMSC-MIMO system, outage event occurs when the largest
eigenvalue gain of the decomposed MIMO channel which is multiplied by the
adjusted transmit power P = R is below the cutoff threshold, given that every
independent sub-channel falls below the cutoff threshold. The outage probability
of the AMSC-MIMO system can be shown as

AT}
R

=Em<g>~ (22)

PAMSC _ primax{\}R, <

out

4 Numerical Results

Figs. I and [2 show the average spectral efficiency and the outage probability
of two different M-QAM schemes in 2 x 2, 4 x 4 and 6 x 6 MIMO channels,
respectively, as a function of the average SNR per sub-channel, when the target
BER is set to 1073, As the number of transmit and receive antennas increase,
we observe higher spatial multiplexing gain from both the conventional AM-
MIMO and the proposed AMSC-MIMO. More specifically, we can notice from
Fig. @ that AMSC-MIMO shows significant enhancement of the average spectral
efficiency over AM-MIMO in low SNR region, though its curve approaches that
of AM-MIMO in high SNR region. From Fig. Bl we can observe that, in 2 x
2 MIMO channel, the AMSC-MIMO offers approximately 3 dB gain over the
AM-MIMO from the perspective of the outage probability, and it offers higher
performance gain as the number of antennas increases. For example, we can
observe approximately 7 dB gain in 6 x 6 MIMO channel.

From the numerical results in this section, we can deduce that the above
performance enhancements are from the fact that, by exploiting both the spatial
diversity gain and the power gain in low SNR region, a candidate channel in
the proposed AMSC-MIMO scheme obtains much higher output SNR than the
conventional sub-channel in AM-MIMO system does.



Hybrid M-QAM with AM and SC in MIMO Systems 99

---AM-MIMO
—#— AMSC-MIMO)|

Average Spectral Efficiency (bits/sec/Hz)
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Fig. 1. The comparisons of average spectral efficiency versus the average SNR per sub-
channel among the proposed AMSC-MIMO and the conventional AM-MIMO, for 2 x 2,
4 x 4 and 6 x 6 MIMO channels, respectively, when BERy = 1073

Outage Probability

10 I I I I I I I
0 5 10 15 20 25 30 35 40
Average SNR per sub—channel (dB)

Fig. 2. The comparison of the outage probability versus the average SNR per sub-
channel among the proposed AMSC-MIMO and the conventional AM-MIMO, for 2 x 2,
4 x 4 and 6 x 6 MIMO channels, respectively, when BERy = 1073

5 Conclusion

In this paper, we proposed a hybrid M-QAM scheme that jointly uses discrete-
rate adaptation and selection combining in SVD-based MIMO systems, and
developed exact closed-form expressions of the performance of the proposed



100 S.-D. Lee and Y .-C. Ko

scheme, AMSC-MIMO, assuming perfect CSI. Our numerical results show that
by exploiting both the spatial diversity gain and the power gain in low SNR
region, the proposed AMSC-MIMO offers higher spectral efficiency and much
lower outage probability than the conventional AM-MIMO.
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