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Abstract

In this paper we provide an adaptive modulation approach that uses adaptive pilot symbols
which both pilot spacing and power allocation on pilot symbols are optimized in single input
multiple output systems to maximize the spectral efficiency. The maximization is performed in
the presence of imperfect channel state information at the transmitter. Also for reduce the
computational complexity we propose a new method based on the curve fitting to find optimum
power allocation on symbols. We provide closed forms expression for average spectral
efficiency and average bit error rate over Rayleigh fading channel. Numerical results show the
accuracy of our new method and demonstrate that our adaptive system outperforms other
traditional systems that use of non-adaptive pilot symbols with single antenna based on
spectral efficiency performance measure.

Keywords: Adaptive modulation (AM), channel state information (CSI), single input multiple
output (SIMO), channel prediction.

1. Introduction

Adaptive modulation (AM) based on the channel state information (CSI), maximizes
the average spectral efficiency (ASE) by adaptation the transmit parameters, such as
modulation constellation, transmit power, etc, [1]-[3]. Then the knowledge about the CSI
at the transmitter is an essential issue in AM [4]-[8]. According to the transmission delay
at the feedback channel and processing delay at both the receiver and the transmitter, the
delayed CSI at the transmitter is outdated and is not accurate [5]. So, to fix this problem
in adaptive systems, the channel state must be predicted at the receiver and then send
back this information to the transmitter [6]. The Channel prediction error effects on the
system performance for adaptive coded modulation (ACM) were investigated in [7]. For
simplicity in channel prediction, pilot symbols inserted in to data stream, this technique
is called pilot symbol assisted modulation (PSAM) [8]-[9]. In traditional techniques, pilot
symbols are inserted in to data stream at fixed spacing intervals and allocated powers to
those pilot symbols are equal to data symbols power. In [10] both pilot spacing and
power allocation between pilot and data symbols are optimized to maximize the ASE. In
this paper we use adaptive PSAM for single input multiple output (SIMO) systems by
using maximum ratio combining (MRC) at the receiver to maximize the ASE at a
targeted bit error rate (BER) via optimization both pilot spacing and power allocation on
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Technology (ICHT) 2009, Daejeon, Korea, August 27 - 29, 2009.
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pilot symbols. We also assume that the channel estimation error is negligible compared to
the channel prediction error. Because of the large value of the complexity computation of
optimum power allocation, we propose a new method based on the curve fitting to find
the optimum power allocation on pilot symbols that maximizes the ASE. We propose a
function that expresses ASE depends on channel signal to noise ratio (SNR) and power
allocation on symbols for different number of receive antennas.

The rest of this paper is organized as follows. Section 2 presents the system model. Section 3
describes the channel prediction and demonstrates effect of channel prediction error on BER
performance. Section 4 analyzes the ASE and average BER and outage probability. In section 5
we introduce the new method based on the curve fitting to find optimum power allocation.
Numerical results are collected in section 6, and conclusions are drawn in section 7.

The notations we use throughout this paper are as follows. Bold upper (lower) case letters
denote matrices (column vectors); ()71, ()T, (), and (.)* denote inverse, transpose,
Hermitian transpose and conjugate of matrices respectively; E[.] stands for expectation, |. |
represent the integer floor, and I, denotes the k X k identity matrix.

2. System Model

As depicted in Figure 1, we consider an adaptive system with ny receive antennas that
combines received signals at the receiver with MRC technique. The transmitter adopts its
parameters based on the CSI that obtained through feedback channel. The pilot symbols
are inserted into data stream after each L — 1 data symbols to facilitate the channel
prediction, thus the frame structure is according to Figure 2, where D and P denote the
data and pilot symbols, respectively. The channel prediction module, predicts the channel
at T second ahead, then based on the predicted channel the pilot spacing and the pilot
power and constellation modulation is determined at receiver and then send it back to
transmitter through feedback channel. The power sharing module is used to share the
power between pilot and data symbols. It is assumed that the channels are independent
and identically distributed (i.i.d) with Rayleigh distribution and channels are slowly time
varying according to Jakes model with Doppler spread f; [11]. Let &4 and &,; denote the
power per data and pilot symbols, respectively, so the received, noisy and faded data and
pilot symbols of the uth channel can be written respectively as

Yau(k; D) £ \[egh, (k; Ds(k; 1) + 1, (k; D), €Y)
Youu(k; 0) 2 fephy, (k; 0)s,,(; 0) + 1, (k; 0), ()
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Figure 1. The block diagram of AM system based on adaptive PSAM with
receives antennas diversity.
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Figure. 2. The transmitted frame structure at the physical layer [10].

where [ € [1,L — 1], u € [1,ng]. {s(k; D}}=! are the data symbols, and spi(k; 0) is the pilot

symbol of the kth frame. We assume that E(|s(k; )|?) = |spl(k; 0)|2 be equal to one; 17, (.) is
the complex additive white Gaussian noise (AWGN) with zero mean and variance Ny /2 per
dimension; and hy, (k; I) denotes the channel coefficient sampled in the lth symbol period of the
kth frame, or equivalently at the time (kL + )T, where T is the symbol period. We also
assume that hy, (k;l) is a stationary complex Gaussian random process with zero mean and
variance o7 = 1. Unlike the PSAM in [8], where pilot and data symbols have equal transmit
power, in this paper we assume that the pilot and data symbols can be transmitted with different
power, similar to [4], [10] and [12], thus as well as the pilot spacing L, the power allocation

between pilot and data symbols, must be optimized to maximize ASE while meet the target
BER.

3. BER in the presence of channel prediction errors

According to results that are shown in [10] and [14], the estimation error is negligible
compared to the prediction error and because MRC is optimum only when the CSI is perfect
[13], thus we ignore the channel estimation error. Based on the slow varying channel, we
assume that the transmitter adopts its parameters only once per transmission frame of L
symbols. Hence the feedback delay is T = JLT,, where J is assumed be a positive integer for
simplicity. Let ﬁ#(k; 1) be the prediction of h,(k; 1), thus the prediction error is €, (k; 1) =
h,(k; 1) — fl#(k; 1), and the mean square error (MSE) of the predicted channel is o , (1) =

E (lEﬂ(k; l)|2). We seek the channel predictor that minimizes the MSE. Define h, £

[hu(k —7;0), ...,h#(k -] —kp+1; 0)]T , the optimal linear minimum mean square error
(MMSE) predictor is [7]

1
W (D) = 2p1 [epRy + Noll | 1,(D), 3)
where R, = E (h#hﬁ ) and r,(I) =E (huh;(k; l)) are covariance matrix and covariance
vector of h,, respectively. The channel predictor, using k,, past pilot samplesy, (k;0) =
[y”(k =1;0), ., 7 (k -] —ky+1; O)]T, to predict channel coefficients { h, (k; l)}lel, where

k, is the length of the MMSE filter. So the predicted channel is flu (k;D) = W[Z Dy, (k; 0) [5],
[8] and the MMSE of the predicted channel can be written as [10]

opuD =1 = [epm! OW, D). 4)

Note that, since the channels assumed to be stationary, the aﬁﬂ (D) does not depend on k.
The channels are assumed to be i.i.d, then for each u we have, R, =R, r, (1) = r(l), and
W, (1) = W(0), thus the MMSE of all channels are the same and we have 05_#(1) = 0'5 ), vu.

Since € is the average transmit power per symbols, thus Le is the total average transmit
power for each frame. Because we want to optimize the power allocation, the average power
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allocated per data and pilot symbols can be written as §; = aLe/(L — 1) and &,; = (1 — a)Le,
respectively, where @ determines the power allocation between data and pilot symbols and
0 < a < 1. Let u, be the nth eigenvector of R, and A,, is the corresponding eigenvalue, and
is the average channel SNR, thus the MMSE of each channel can be expressed as a function of

a and L as [10]
) K eylulr(DI?
oy =1- _
n=1 Epdn + No

H 2 _ >
Loy WOR -0, )

n=1 (1=a)Lypd, +1 °

The total perfect and predicted channels SNR at the receiver after MRC, can be written
respectively, as

P S TR
(COE S WIACDIY ()
e D) = 2N R e DI
(COE WIACDIE @

Let
_ £ "R 2
EICDIES - WA ((NCITY

&a

= N_onR = &1NMgVn, €)

P=EGD =3t " E(|ReDl)

&4 _
=y (1= 05 0) = eanati, ©

where £; £ E?d and &, = %‘i(l - ag(l)).

Since the channels are assumed to be Rayleigh, according to (6) and (7), the distribution of
perfect and predicted channel SNR after MRC is sum of ng uncorrelated exponential
distribution [15] that can be shown as gamma distribution with shorthand notation
Y~G(ng, &17n) and P~G(ng, &2¥y) for perfect and predicted channel, respectively [7]. We
omitted the time index of y(k; 1) and y(k;[), for notational brevity. Since y and 7 are both
individually gamma distributed, thus the joint distribution will be a bivariate gamma
distribution with shorthand notation (y, 7)~G(ng, €Vn, &27n , ) [7] where p is the correlation
coefficient of the two variables y and 7, that can be written as

cov(y,7)

Vvar(y)var(7)
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[WH(Dr)|?
(W()|?
(1 —a)Lyp

= (10)
WH(DRW(D) +

We consider a M, -QAM scheme consisting of N signal constellations with spectral
efficiencies M,, = 2", where 1 < n < N. In [1]-[2] it has been shown that the BER of M,,-
QAM constellation over an AWGN channel with SNR of y can be well approximated by

15
14 ) n=1..N (11)

BER,(y) = 0.2exp (— 7 — n
n

where y is given by (6). For a chosen constellation M,,, instantancous BER must be less than
the targeted BER and since constellation M,, is chosen based on the predicted channel, thus we
need to calculate the BER,,(¥), which can be found as

BER,(7) = f BER,(v) pyi (v17)dy, (12)
0

Where p, 3 (y|7) is conditional probability density function (PDF) of y given 7, thus

~ M, — 1\"R _1.5pg
BER,(¥) = 0.2 ( ) exp (—y ), (13)
an angz

where a, = 1.5&;Y,(1 —p) + M,, — 1. The details of manipulations are shown in the
appendix.

4. ASE and average BER and outage probability
4.1. ASE computation

As depicted in Figure 3, the nth constellation is chosen when 7 € [$,,7n41), Where {P,}N_;
denote the constellation switching thresholds that must be found according to BER constraint,
and we define 7, = 0 and ., = °°. In [2] it has been shown that if the symbols chosen from
different constellation sizes be transmitted with different power, we have a large computation
complexity while the system performance has not significantly improvement. Thus we assume
that the transmit power is constant and no data is sent when y < ¥, (Outage is occurred), thus
the actual transmit power is [1], [4]

_ €d _ €q
Lo a7 g (ng, 12)
2

(14)

&a

where Q(.,.) is the normalized incomplete gamma function [16, eq. 11.3]. Suppose we set the
target BER at BER,, so according to BER,,(7) = BER,, the constellation switching thresholds
can be written as

Yn

_ Gn& ln( by,

~ 150 BERO)’ n=1..N (1%
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| Outage | M, | M, | M,
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Figure 3. SNR range is split into N+1 interval.
_\n
where b,, = 0.2 (MZ 1) ®So the ASE can be expressed as
n 1 N
S= (1 - —) 2 k, P (k)
L n=1
1 N
=(1-7)2. _100:00) PR < 7 < Fre), (16)
n=
where k,, 2 log,(M,,) and
P+
PG <P <Tu)= [ py)ds
Yn
Vn ) ( ?m)
= Ng,—— | — np,—— |, 17
Q ez )~ 0 (ne 2t (17)

and the maximum value of L is L4, = lﬁJ, [8].

Since ag (1) depends on a and L, thus the constellation switching thresholds and the ASE
depend on a and L. Thus the following optimization problem must be solved

max S(a,L). (18)
a,L

For each 0 < a <1 and L € [2,L,,4x], via numerical search techniques, we can find
optimum « and L such that maximize the ASE.

4.2. Average BER computation
The average BER is the ratio the average number of bits in error over the average number of

bits transmitted [1], then

_ N_ k,BER
BER = %, (19)
n=1 knp(kn)

where BER,, is the average BER for nth constellation, that given by
BER, = [;"*" BER(7) py (7). (20)
By substituting (13) and py(7) into (20) and aid of results in [7], we obtain

_ M, — 1\"* Pd Pnsad
BER, = 0.2( n ) Q (nR, Ynn ) —Q (nR,y"fl ") , (21)
dn E2Ynln E2Ynln

where d, = 1.5¢;y, + M, — 1.

4.2. Outage probability computation
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Since no data is sent when the received SNR falls below ¥, the adaptive modulation scheme
suffers an outage probability for the first data transmission that given by

71 R R ?1
Poue = f py(PMdy =1-Q (nR.—_) (22)
0 &2Vh
As expected, the outage probability depends on the first constellation switching threshold ¥4

and also decreases when the average channel SNR grows.

5. New method to find optimum power allocation «

In this section we proposed a new method based on curve fitting to find optimum « in order
to maximize the ASE, which has less computational complexity than the conventional search
algorithms. In this method we find a function that express ASE depends on ¥, and a for
different number of receive antennas. Note that according to the optimization problem in
previous section, we must optimize the both parameters a and L, but according to the achieved
results that are shown in the next section, the optimization of L has small affect on the system
performance and optimization of a has more effectiveness on the performance than the
optimization of L. So for simplicity and decreasing the computational complexity at the
transmitter we assume that L is constant. At this condition the ASE can be written as

Se = —filin)exp(afa(7n)) + fsFn)exp(afy (7)), (23)
where
fi(n) = P11¥n® + Pr2¥n® + P13¥n + D1a, (24)
—_ 2 —_
_ (Pzﬂ’h + D22V t P23)
() = — ) 25

f2(rn (Y + p24) (25)
£ = (P31]7h2 + p32¥n + P33) (26)

3 h) — _ _ )

(7a° + p3a¥n + p35)

_ (P41)7h2 + Pa2¥n + P43)

fa(yn) = . (27)

(Fn + Paa)

Note that the functions f; (¥7,) to f4(¥,) for different number of receive antennas have the
same form with different parameters that are provided in the table 1.

Table 1. Parameters in (24)-(27) that obtained from curve fitting method for
different number of receive antennas.

P11 P12 P13 P14 P21 P22 D23 P24 P31
Ng 0 8.249x10° 7.756x107° | 3.305x107* -1.09x10° 3.476 658 100.3 | 6.398
7:Rz 8.853x107"% | —2.107x10™" | 3.655x10°* | 3.134x10” —-4.32x107 7.952 5000 363.1 | 7.714
7_1R4 2.764x107" 7.845x107™" 2.469x107° | 6.793x107* -5.97x10° 10.34 1028 69.75 | 7.695
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P32 P33 P34 P3s Pa1 Pa2 P43 |27
ng 1456 2004 1018 4.521x10* ~9.505%107° 0.728 128.7 120.8
:Rl 1760 1654 716.6 2.474x10* ~2.266x107* 0.389 61.35 100.3
:Rz 632.7 244 2 262 4263 —2.196x10™ | 0.1927 55 84 .28
=4

So the optimum a can be found by derivation ASE from (23) based on the a, i.e. % =0,

then the optimum « is calculated as follows

g = ln(fl(?h)fz(?h)/fs(?h)f4()7h))
i ABEAD) '

The accuracy of our proposed method is demonstrated in the next section when the system
performance with our proposed curve fitting method is compared with the conventional search
method.

(28)

6. Numerical results

In this section, we present numerical results for an adaptive system which employs 7
different M,,-QAM constellation corresponding to M,, = {2,4,8,16,32,64,128} and we set
the number of receive antennas np € {1,2,4}. It is assumed that the carrier frequency is
fc = 2 GHz; and symbol period is Ty = 5 us; and mobile velocity is v = 108 km/h then the
Doppler spread is f; = 200 Hz. Consider the delay and BER are T = 1 ms and BER, = 107>,
respectively. We assume that the channel has Jakes’ Doppler spectrum and the length of
prediction filter is k, = 250. Since {0'5 (D3}Z! will be maximized when [ = L — 1, thus we
take the worse case and calculate 0'5 (L — 1) for each l. So with the small penalty in spectral
efficiency [10], the computational complexity reduces with factor L.

Figure 4 shows that the power allocation based on the optimum value of a, affects on the
ASE but L does not have a valuable effect on ASE, and then we assume a constant value for L
in practice. As shown in Figure 5, the performance of our proposed method based on the curve
fitting for different system parameters is near to the performance of conventional search
algorithms but with less complexity of computations. The ASE of both proposed methods, i.e.
curve fitting, and the search method are shown in Figure 6. As we can see the ASE increases
when we have more receive antennas at the receiver. It is shown that when we optimize both
the power allocation a and pilot spacing L the ASE is higher than the case where power is
equally allocated between pilot and data symbols with fixed L. We can see from Figure 6 that
our proposed method based on curve fitting have good accuracy. The ASE slope decreases
when channel SNR is high, especially for higher receive antennas. It is because that the
maximum constellation size is finite. Figure 7 shows the optimum pilot spacing for different
number of receive antennas. As can be seen the distance between two pilot symbols is longer
when there are more antennas at the receiver and it increases when SNR grows. Figure 8 shows
the optimum power allocation between data and pilot symbols for the proposed method and the
search method. As shown in this figure, due to the fact that maximum ratio combining (MRC)
maximizes the output SNR, the power allocated to the pilot symbols is lower for more number
of the receive antennas, thus the average spectral efficiency increases. The accuracy of our
proposed method can be seen in this figure in agreement with the Figure 5 and 6. It is observed
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from Figure 9, that the average BER of the both new methods i.e. curve fitting method and
search is lower than the targeted BER (BER, = 10~°), even at the low SNR. Thus our adaptive
system meets the BER constraint with a large margin. The outage probabilities for different
number of receive antennas and for the proposed and the search method is depicted in Figure
10. The curves in this figure demonstrate that diversity mitigates fading effect such that deep
fades are averaged out and the outage is occurred with lower probability.

— N
I

Average Spectral Efficiency (bit/s/Hz)
w

- e =200

20

05 "4 25
power allocatin (o) Average SNR (dB)

Figure 4. Average spectral efficiency versus average SNR and power allocation
a for different pilot spacing L = {25,200}. The number of receive antennas is
ng = {1,2}, t = 1 ms, and BER, = 107>,
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Figure 5. Average spectral efficiency versus average SNR and power allocation
o for both search and curve fitting methods and n = 2, T = 1 ms, and BER, =
107°.
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Figure 6. Average spectral efficiency versus average SNR for both optimal
parameters and some fixed parameters. The number of receive antennas is
ng ={1,2,4}, t = 1 ms, and BER, = 1075,
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Figure 8. Optimum power allocation to the data symbols versus average SNR
when pilot spacing is optimal and L = 25. The number of receive antennas is
ng ={1,2,4}, t = 1 ms, and BER, = 1075,
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Figure 9. Average bit error rate versus average SNR for optimal power a and
optimal pilot spacing L and optimal power with curve fitting method. The number
of receive antennas is nz = {1,2,4}, = 1 ms, and BER, = 1075,
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Figure 10. Probability of outage versus average SNR for optimal power a and
optimal pilot spacing L and optimal power with curve fitting method. The number
of receive antennas is nz = {1,2,4}, = 1 ms, and BER, = 1075,
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7. Conclusion

We have studied an adaptive PSAM with imperfect channel state information where MRC is
implemented at the receiver. To maximize the average spectral efficiency, the pilot spacing and
power allocation between pilot and data symbols were optimized under prescribed delay and
performance constraints. Numerical results show that, when we optimize the power allocation
between data and pilot symbols, the optimized pilot spacing does not affect so much on the
spectral efficiency. The proposed method based on curve fitting while reduce the computational
complexity has very good accuracy. Also we find out that, for more number of receive
antennas, the power allocated to the data symbols increases and the outage probability
decreases and thus the average spectral efficiency will be increased.

8. Appendix

Derivation of BER,(7): At this appendix we calculate the flowing integral

BER,(7) = [ BERy () pyjy (v I7)dy. (29)
y(VY)
According to (11) and [7, eq. 13] and py 5 (Y|¥) = o7y Ve have
Dy
” —1.5y\py 7 (. 7)
BER“=fO.Zex< )'Ad
0=, 02 =1 T
_ 0.2 —
- ng—1 nr+l 1-np exp <52(1_P)]7h>

YV 2 & 2 & 2 (1_P)P 2 ep( }},/)

np=1 1.5 1 2 ’py
X f y = €exp < 14 (Mn—l + sl(l—p)yh)> InR_l (\/7 (1-p)¥n 8182) dy, (30)

where I,(.) is the modified Bessel function of the first kind and order v [17, eq. 8.445]. Via
using the Nuttall function that defined as [18]

S H-1 2 2
-f u%exp(—ud))IH_l(\/EZ‘P)du = \Pq) exp <lP >QH <§) »)’q)>' (31)

y

where Q(.,.) is the generalized Marcum Q-function, that defined as [16]

Qu(x,y) = e D = QH +1,y), (32)
n=0

. . 1.5 1 2 ’ 7
Thus with using the correspondences @ = o1 + R and¥ = o E in (31) and

some manipulation we get
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ngr

BER,(7) = 0.2 ( My~ 1 )

1.5p¢; )
1.56qy,(1—p)+ M, -1

V@567 —p) + My — D,
(33)

exp (—
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