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Effect of Channel Estimation Error on M-QAM
BER Performance in Rayleigh Fading
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Abstract—We determine the bit-error rate (BER) of multilevel If the channel gain is estimated in error, then the AGC
quadrature amplitude modulation (M-QAM) in flat Rayleigh  improperly scales the received signal, which can lead to
fading with imperfect channel estimates. Despite its high spectral incorrect demodulation even in the absence of noise. Thus,

efficiency, M-QAM is not commonly used over fading channels . S . . .
because of the channel amplitude and phase variation. Since reliable communication with M-QAM requires accurate fading

the decision regions of the demodulator depend on the channel COmpensation techniques at the receiver.
fading, estimation error of the channel variation can severely ~ Channel sounding in M-QAM demodulation is a very ef-
degrade the demodulator performance. Among the various fading fective technique to precisely compensate for channel ampli-

estimation techniques, pilot symbol assisted modulation (PSAM) ; ; ; ;
proves to be an effective choice. We first characterize the dis- tude and phase distortion. Channel sounding by pilot symbol

tribution of the amplitude and phase estimates using PSAM. assisted modulation (PSAM) has been studied by several

We then use this distribution to obtain the BER of M-QAM as authors [7]-[10] and proven to be effective for Rayleigh fading
a function of the PSAM and channel parameters. By using a channels. Previous studies on the performance of M-QAM
change of variables, our exact BER expression has a particularly \yith PSAM were primarily based on computer simulation and

simple form that involves just a few finite-range integrals. This : : : ;
approach can be used to compute the BER for any value ai/. experimental implementation [7], [9], [10]. The only analytical

We compute the BER for 16-QAM and 64-QAM numerically and result is a tight upper bound on the symbol—error rate for 16-
verify our analytical results by computer simulation. We show QAM [8]. These results do not provide an easy method to
that for these modulations, amplitude estimation error leads to a evaluate the performance tradeoffs for different system design
1-dB degradation in average signal-to-noise ratio and combined parameters.

amplitude-phase estimation error leads to 2.5-dB degradation for
the parameters we consider.

Index Terms—Channel estimation error, M-QAM, PSAM,
Rayleigh fading.

Some work has been done on the AGC error problem based
on various models [11], [12]. In [11], a simple model has
the fading estimatey related to the fadingy by a single
parameterzascc : ¥ = Feace + ¥(1 — cage), wherey is
the average value of the fading. Whengc is 0, 4 = +,
|. INTRODUCTION which corresponds to perfect AGC. WheRgc is 1,4 = 79,

UE TO its high spectral efficiency, multilevel quadratur&orresponding to no AGC. Imperfect AGC is modeled by
amplitude modulation (M-QAM) is an attractive modula@PPropriate values ofsac. However, this model cannot be

tion technique for wireless communications. M-QAM has beefsed to determine the performance of M-QAM using PSAM
recently proposed and studied for various nonadaptive [1]-[8fcause the PSAM parameters cannot be mappegde. In

and adaptive [4], [5] wireless systems. However, the sev _,Je?.], the authors pb_taln_ the d|§tr|bu_t|on c_Jf a “final noise” that
amplitude and phase fluctuations inherent to wireless chanri@g@udes the multiplicative fading distortion due to imperfect
significantly degrade the bit-error rate (BER) performance 6CC as well as additive white Gaussian noise (AWGN). Even
M-QAM. That is because the demodulator must scale tfeough the approach in [12] is valid for any linearly modulated
received signal to normalize channel gain so that its decisifgnal over flat Ricean fading channels, no explicit BER
regions correspond to the transmitted signal constellation. TE&Pression is given for M-QAM with channel estimation error.

scaling process is called automatic gain control (AGC) [6]. In this paper, we provide a general approach to calculate
the exact BER of M-QAM with PSAM in flat Rayleigh fading
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M-QAM. In Section IV, we derive the exact BER of M—Fi
QAM with imperfect AGC. We start with conditional BER and g
obtain the final BER in terms of finite-range integrals. We first
consider the amplitude estimation error only and then go onFig. 2 shows the modulation and demodulation of square
to include both the amplitude and the phase estimation errdé&-QAM. At the modulator, the data bit stream is split into
Numerical BER results from both analysis and simulation atbe inphase (I) and quadrature (Q) bit streams. The | and Q

3. 16-QAM constellation with Gray encoding.

also presented in this section. components together are mapped to complex symbols using
For reference, Table | summarizes the symbols we use@oay coding. The demodulator splits the complex symbols
represent key parameters throughout the paper. into | and Q components and puts them into a decision

device (demapper), where they are demodulated independently

II. SYSTEM AND CHANNEL MODELS against their respective decision boundaries. Demodulation of

A block diagram of the PSAM communication system ighe I and Q bit gtreams is identical due to symmetry. Average
shown in Fig. 1. Pilot symbols are periodically inserted intgER of M-QAM is then equal to the BER of either the | or the

the data symbols at the transmitter so that the channel-induc%(ﬁ:omenent' F|g§. 3 a“O_' 4 show the constellation, decision
envelope fluctuation and phase shiff can be extracted and Poundaries, and bit-mapping for square 16-QAM and square
interpolated at the channel estimation stage. These estim@&<2AM, respectively [1]. For 16-QAM, the first and third
are given bya andd, respectively. The received signal goeglts are pas_sed to the inphase bit stream, whl_le the second
through the AGC, which compensates for the channel fadiﬁﬁd fourth bits are passed to the quadrature bit stream. The
by dividing the received signal by the fading estimate? ~ Separate I and Q components are then each Gray-encoded by

The output from the AGC is then fed to the decision devic®>S19ning the b'ts_ 01, 00, 10, and 11 to th_e Ie\{“ﬁisc_l, _.d’

to obtain the demodulated data bits. and —3d, respectlvely, as shoyvn by the first line in Fig. 5.
We assume a slowly-varying flat-fading Rayleigh channel our BER | ca_:_(;]ulanon, we \(/jwllhco.mgqu thledBE_F\’_ for eaph

a rate slower than the symbol rate, so that the channel rem fjgSeparately. Thus, we need the individual decision regions

roughly constant over each symbol duration. The Raylei R eaqh b't In Fig. 5, the decision region. bqgndarie; for the
fading amplitude« follows the probability density function ost significant bit (MSB) and the least significant bit (LSB)
(pdf) are shown in lines 2 and 3, respectively, where MSB and LSB

refer to the left and right bits, respectively, in the first line
pla) = 2_0‘6—(02/9)7 a>0 (1) of the figure. For 64-QAM, the first, third, and fifth bits are
Q passed to the inphase bit stream, while the remaining bits are
where @ = E{a?} is the average fading power. The jointpassed to the quadrature bit stream. These individual | and Q
distributionsp(«, &) andp(8, é) will be derived in Section lll- components are then each Gray-encoded by assigning the bits
A, after we describe the details of PSAM. 011, 010, 000, 001, 101, 100, 110, and 111 to the levéls

Authorized licensed use limited to: OST - Ostschweizer Fachhochschule. Downloaded on October 12,2021 at 23:13:15 UTC from IEEE Xplore. Restrictions apply.



1858 IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 47, NO. 12, DECEMBER 1999

i 1 il 1 1 1
111 ¢ 101101 0 100101 ¢ 100111 000111 ' 000101 1 001101 1 001111
e e . e . N Y I |
I I 1 1 I 1
l | | \ I |
_________ e e e e e e
I 1 1 1 I 1
101110+ 101100 100100 I 100110 000110 1 000100 1 001100 i 001110
o | ® ' o | ® M- e ! o ! o ' o
| ) | | i |
| i | | i I
__________ 220 e e S ol el e
' 1 1 t ] |
) 1 1 1 H 1
101010 101000 ' 100000 1 100010 000010 1 000000 ' 001000 ! 001010
® ! ® ! [ ! ® ¥ @ ! e : e ! [ ]
—————————— e el s e S e
1 1 3 1 1 1
101011+ 101001t 100001 1 100011 000011 1 000001 ' 001001 t 001011
[ ] i o ' [ i ® ‘- e ' o ! o i [ ]
! ' ; 1 ) | I
L ! ] ! ] : ] ] . I ! ] ! ] -
-7d : -5d : -3d : -d d “ 3d : 5d J 7d
11011 1 111001 ¢ 110001 1 110011 010011 1 01000 ' 011001 ! 011011
. 1 ® ] [ ] ' . 4 . | . 1 . ! .
1 : ; | | |
i \ ; | | |
__________ L e e e e
111010 ' 111000 » 110000 ~ 110010 010010 w 010000 . 011000 » 011010
o 1 ® 1 o 1 @ 3 - ® | e 1 o i o
i ) | | | i
| ) I { | )
""""""" r~--—--""=-""""f¢~-~°"°"°"~"~"~"~"~"r-"""~"""~"""f°~"""°"~"""""~"~""""~"~""~""r*-~"~"~"~"~"~"~"~";Fr,°" " " *“" - °-°-°-°7
HLI0 1 11100 1 110100 1 110110 010110 1 010100 1 011100 1 011110
o : [ ] : [ ] : @ ¢ [ ] : [ ] : [ ! [ J
: | ! | ; |
________ r-—-—-"-"="="="""r~""~"">""="""°"""=>"="="="="="°"F-""7>""7>""*"="°""r-"=-""~=-">"°~>"~"~“>"~“""~""§¢«~-"~"~"~"~"~>"~“>"~“>""~“>">@°~ -~ ‘~/ -~ "~/ -~/ "~/ °~/°
1 1 1 ) b 1
1 ) 1 ] Ll 1
LI 1ier 1o 110101 1 110111 0101111 1 010101 ¢ OL1101 Ol
! ® ! o ! ® - o ! [ J ' o ! o
Fig. 4. 64-QAM constellation with Gray encoding.
! : ! . PSAM
mo 10 00 o TorQ
——o —¢———0¢—» ' OF _
3 0 o4 0 d 1 3d A. PSAM System Description
1 Vool ) References [7], [9], and [10] provide detailed descriptions
; MSB
— & —— & —— & > . .
| | | of the PSAM method. In short, pilot symbols are periodically
R inserted into the data symbols to estimate the fading. Specif-
e - e e e = LSB ically, the data is formatted into frames @f symbols, with

, the first symbol in each frame used for the pilot symbol, as
shown in Fig. 7.
After matched filtering and sampling with perfect symbol

timing at the rate ofl /7, a baseband;-spaced discrete-time
5d, 3d, 1d, —d, —3d, —5d, and —7d, respectively, as shown complex-valued signal is obtained as

by the first line in Fig. 6. In this figure, the second, third, and

fourth lines show the decision region boundaries for the MSB, Tk = 2Nk e 2)

mid bit, and LSB corresponding to the left bit, the middle bitThe sequences; represents complex M-QAM and pilot
and the right bit, respectively, in the first line of the figure. Theymbols. The sequencs, represents the fading, which for
decision regions for demodulation (demapping) of either tiRayleigh channels, is a complex zero-mean Gaussian random
| or the Q component and its corresponding bits are showariable, andn;, is AWGN with variances2 = N, /2. At the

in Figs. 5 and 6 for 16-QAM and 64-QAM, respectivelyreceiver, channel fading at the pilot symbol times is extracted
Although our calculations below only apply to symmetricaby dividing the received signal by the known pilot symbols
M-QAM constellations with Gray bit mapping, our methodglenoted bya

can be extended to nonsymmetrical constellations and other bit T

n;
H H Zp = — = Z — 3
mappings that can be decomposed into | and Q components. % P + o (3)

Fig. 5. 16-QAM bit-by-bit demapping.
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. . . . . Fig. 8. Fading interpolation in PSAM.
where z; is the fading at the pilot symbol in th&h frame. 9 ading inferpotation in

The receiver estimates the fading at fiie data symbol time

in the nth frame from theX nearest pilot symbols, i.e., thefunction. The phasé and its estimaté have a joint distribu-
receiver use$(K —1)/2] pilot symbols from previous frames, tion similar to [13, eq. (8.106)] given by

the pilot symbol from the current frame, a_nd the pilot_ symbols o 1—p[(1 =Y+ q(r —cos L)

from the | K/2| subsequent frames, as illustrated in Fig. 8. p(6,0) = in? 1= )P )

Thus, the fading estimate is given by 0 0 ©)
0<46, <27

LK/2]
A= Z Ji (4) whereq = \/pcos(f — §) andp is the same as that in (5).
k=—|(K—1)/2]
wherel = 1,--.,L — 1 is the data symbol index within eachB: Derivation ofp andr = (/%)
frame, andfk are real numbered interpolation coefficients, as The joint distribution ofoe andé given by (5) contains three
we explain in more detail in Section IlI-C. parametersp, 2, and{2. The parametep also appears in the

Since the estimated fadirigs a weighted sum of zero-meanjoint distribution ofé andé given by (6). It turns out that and
complex Gaussian random variables, it is also a zero-mearr (€2/Q) are needed in the final BER expression. For PSAM,
complex Gaussian random variable. Thus, the amplitude these parameters can be expressed in closed form in terms of

|z| and its estimated = |z| have a bivariate Rayleigh the PSAM and channel parameters, namely the interpolation
distribution given by size K, frame sizeL, average signal-to-noise ratio (SNR), and
. . normalized Doppler spreag; 7.
pla, &) = dad i Io< 2y/paa ) The complex fading can be expressed@sg = =(t)+jy(t).
1-pQQ "\ (1-pvah For Rayleigh channelsy(t) and y(t) are zero-mean inde-
1 2 a2 pendent Gaussian random processes, with autocorrelation and
eXp[—Tp <§ + 6)} (5) cross-correlation functions given by [14]

A Rea(r) = B{x(fa(t +7)} = Ry, () = E{y(tu(t +7)}
wherep = ((cov(a?, 4?))/(1/ var(a?)var(a?))), 0 < p < 1,

Q
is the correlation coefficient betweer anda?, Q@ = E{a?}, = R(r) = 5 Jo(2 far)
Q@ = E{a?}, and Iy(-) is the zeroth-order modified Bessel R,,(7) = E{z(t)y(t+7)} = 0. (7)
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For kT, <t < (k+ 1)Ts, 21, = xx + jyr. Define theK x K Hence
covariance matrixR as o2
g 2FRF +2-2|F]
o a

1 , o2
= 5 coV(zm: 2,). === =FRF + 2L |F? (1
R 5 cov(zm, 25) 8 o q RF + a29| < (13)
Using (7), it can be shown that whereR® = (2/Q)R is the normalized covariance matrix.
1 Consider the case where the pilot symbol energy is equal to
Ry = §E{(azm + Jym)(Tn — Jyn)} the average data symbol ener@y. Thus
1 2 N,
= - (B{zmzn} + E{ymyn}) In__ .,
2 220 E.Q (14)
= R(Trnn) (9) .
Let us define the average SNR per symbas
wherer,,, is the time difference between fading at two pilot )
symbols z,, and z, 5= QF, _ QB logy M (15)

N, N,

(10) The corresponding average SNR per bit is then =
~¥/log, M = QE,/N,. Then

Trn = |m —n|LTs

with L the frame size and’, the symbol duration.

We now obtain expressions forand the correlation coeffi- ows . |FJ?
cient p in terms of the PSAM and channel parameters. From r=FRF + 7 (16)
(3) and (4)
’ Since« and & follow the Rayleigh pdf as given by (1), it is
y L/ . easily shown that the standard deviationsxdfand & are{2
#n = Z fe#ntn and(2, respectively. Moreover, the covariance betweérand
’“=*L<K*1>/2Jn . &? is given by (17), shown at the bottom of the page. Thus
Ik . k
Ika(wk-i-T) +J2fk(yk+%)~ (11) _ cov(a?, a?)
Note that in the right-hand side of the above equation, the var(a?) var(a:?)
indices! andn are dropped for simplicity of notation since 457, fruE{zz})’
#L is a stationary process. Thug, = |Z| is also Rayleigh - 00
distributed, with average power - o fkRO(Tk))2 a8
A Li/2) " ~ 4FROF' + [F]2
Q= 2var Z S (a:k + %) where
k=—|(K-1)/2]
_ fion RO(r) = BRI o 19
_2%:;fkfmcov(a:k,a:m)+2§k: 2 (7x) Q (27 fami) (19)
o2 is the normalized covariance between the fading at data symbol
= 2FRF + 2—’21|F|2 (12) # and at pilot symbok;. ., and7, = (k L 4 1)T},. Since the
“ estimation coefficients an&’(;) depend on the positiofl)
where F = [f_|(x—1)/2), ", flx/2j] iS @ row vector and within a frame,r and p need to be averaged over each data

2

Tn

= var(ng) = var(ngr) = (N,/2) is the noise variance. symbol position within a frame.

COV(@Q,&Q) zE{QQ&Q} — E{aQ}E{&Q}
LK/2] LK/2]

*

=E{ 22" > frn > frn - Q0
k=—|(K-1)/2] k=—|(K-1)/2]
_ 2 2 p Ky, A
—E{(:E +y ) zk:z:fkfrn [xkxnl+ykynl +J($n1yk _xkynl)+ a2 ] } —QQ
20

2
QQ ~
= a_g|F|2 + 20FRF’ + 4 <Z ka{a:a:k}> - Q0
k
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C. Sinc Interpolator Similarly, the conditional bit-error probability of the LSB is
Several interpolation methods have been proposed V€N by

PSAM, inc_luding_ low-pass sinc interpolation [7], Cavers’ 1 3d< _2d 3d< +2d

optimal Wiener interpolator [8], and low-order Gaussgg(Em’@):_ Q %_7 -Q %—

interpolation [9]. In [7], the authors show that for the same 2 — —

PSAM parametersi and L) and channel characteristics; ( “ e

and f,7;) that we use in our study, the sinc interpolator —d5+2d d5+2d

achieves nearly the same BER performance as Cavers’ 519 T, +Q Tn - (29)

optimal Wiener interpolator but with much less complexity. & &

Therefore, we use sinc interpolation in our calculations amglnce each bit is mapped to the MSB or the LSB with
simulations for its simplicity alnd near-optimum performancequal probability, and the error probabilities for the inphase
The interpolation coefficientg; are computed from the sinc ang quadrature components are the same, the average BER

function conditioned one and & is thus
1
1 PE| o, & ==[P(F|a, &)+ P(E | o, &)
fi= sinc<— — k) (20) 2
L _Lo(3da 1, (da
T4 On 4 On
wherek = —|(K - 1)/2],---,|K/2| andl=1,---,L — 1. 1 _[3da—2da\ 1 _[3da+2da
A Hamming window is applied to the sinc function to smooth +ZQ o T4 o
the abrupt truncation of rectangular windowing. _ ~ ~
gt} Lot 2) gy

2) Average BER:The BER of 16-QAM is obtained by

) , ) L averaging the conditional BER over the joint distribution given
We first consider the effect of amplitude estimation errqf, (5)

on the average BER performance of M-QAM over Rayleigh o oo

fading channels. The analysis is then extended to includeplGQAM(E) :/ / P(E | o, &)p(e, &) dada.  (25)
the effects of both amplitude and phase estimation errors. o Jo

We compute the BER numerically, based on our analysis fibte that the conditional probability in (24) is a weighted sum
particular PSAM and channel parameters, and compare thes€)(a« + b&), with a andb being integer multiples of /o,,.
results with computer simulation results. Define integralZ(a, b7Q7Q7p) as

IV. BER PERFORMANCE

Z(a,b,Q,, p) = /0 OC/O OoQ(aoc—i—b&)p(oc,&) dadé.  (26)

1) Conditional BER:C.:onsid.er first 1%—QAM. For each bit \1ake the following change of variables: = /Q(1 — p)r
stream, the received signal is = sae’® +n, wheres € . ~ _
{-3d,—d,d,3d}, ac’® is the fading, andh is the noise with €058, & = /(1 = p)rsinf, 0 < r < 00,0 < 6 < (7/2).
variances2 = (N, /2). Given the fading amplitude estimate The corresponding Jacobian transformation is

A. Amplitude Estimation Error

and perfect phase estimatién= 6, the input to the decision e, &) oA ]
device after scaling by the AGC is then J = a0 Q81— p)r (27)
o n Then Z(a, b,,$, p) becomes
74 = S— + —. (21)
& &

. (=/2) poo
T(a,b,,0Q, p) = / / 2(1 — p)Q(er)r? sin(26) Iy
0 0
We calculate the conditional BER bit by bit for the inphase ) PN
signal component as shown in Fig. 5. By symmetry, the BER (Vpsin(20)r)e™" rdrdd  (28)

for the quadrature component will be the same. Take the M%N%erec = /O = pJacosd + /Q(l — p)bsin.

as an example. A bit error occurs when the signal representlngfDefinin
bit 1, i.e, s(a/&), s = —3d,—d, falls into the decision 9
boundaries of bit 0, and vice versa. From (21), the noise by — 2/°° —aty (b1 dt 29
standard deviation is,, /&. Therefore, the bit-error probability Jola,b) = a 0 Q) (29)

of the MSB conditioned onv and & is and using integration by parts, it can be shown that

1 3b b3

. 1 3ds 1 ds a.b) = = — ] 30
Pl(E""""):§Q< J>+§Q<off) P =5 ar e agarrpr G0
& &
1 3da 1 da 1The 2d terms in this expression are not multiplied by/&), since only
=-Q + Q| — (22) the received signal is scaled, not the decision boundary. This is equivalent to
2 On 2 On scaling the boundary and keeping the received signal unchanged.
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TABLE I TABLE I
COEFFICIENTS IN THEBER oF 16-QAM (AMPLITUDE ERROR ONLY) COEFFICIENTS IN THEBER oF 64-QAM (AMPLITUDE ERROR ONLY)
tlw=|a=|b= 7 w;=|a= | b= 1 w; = |a;= |b= 1 w; = |a; = | b=
I [ x| Ax 0% | 5% | ve* X | vBX | JsX nX | v* | 7
"l 3 5 1)1 1 0 111 -1 4 21| 1 -3 3
T3 . 5 2 11 3 0 121 1 221 3 1
3 |1 5 0 13]1 7 -6 231 -1 3 5
311 3 -2 41 7 0 IENRE 2 2% 1 3 9
41-1 3 2 5 |1 7 -4 15 |1 7 2 25| 1 -1 1
5101 -1 2 6 |-1 7 4 16 | -1 7 6 2% -1 |-1 5
611 1 2 711 5 -4 17 |1 -5 6 2711 1 3
8 |-1 5 4 181 5 2 28 |1 -1 7
9 1 3 4 191 |5 2
Now settingt = r2 and using the following integral represen- 101 3 4 0[1 |5 6
tation of Iy(z) [15]
1= B. Amplitude and Phase Estimation Error
Io(z) = = / Esme gy (31) P o
—(7/2) From (6), we can derive the pdf of the phase estimation

we get thatZ(a, b, 2, Q. p) can be written as (32), shown at the error ¢, 1 = 6 — 0, to be

bottom of the page. The average symbol energy of 16-QAM is 1—p[(Q— Y2 +q(r —cos™tq)
p(”(/)) = ) (1 — q2)3/2 (271' - |r(/}|)’

E, = 10d%. (33)
—2r <Y <27 (38)
Thus )
whereq = ,/pcostp. With the phase error, | and Q channels

Es _ interfere with each other, and (21) becomes
i _ V10 _ ﬂ (34) . o n
on [N, /50 rqg = (sycosy + sg 51111/))5 + 2 (39)

2

wheres; andsq are the inphase and quadrature components
wherey = ((2F)/N,) is the average SNR per symbol. Sopf the complex signal mapping. For 16-QAMy, so €
after factoring out2, Z(a, b, Q, €2, p) can be rewritten in terms {—3d, —d, d, 3d}. The conditional error probability in (24) is
of ¥ andr = (Q/Q) as in (35), shown at the bottom of thetherefore conditioned further oft and s. However, only

page. Therefore positive values ok, need to be considered due to symmetry.
Taking the above into account, (35) becomes
PlGQAM(E) = Zwiz(aivbivﬁvn p) (36) I(a17a27 3V T 7p
- ‘ . _1- (/2 (1D sin 20p()
where the coefficients;, a;, andb; are listed in Table II. ey (JPsin20sin g+ 1)2

3) Higher Level M-QAM: The BER of higher level M-
QAM can be calculated in a similar way, which will result in - (\/ﬁsm 20sinp+ 1,/ (1 — p)7

more terms in the summation. Fig. 6 shows the demodulation . .
. 0 bsin 6) ) dep df dip.
of 64-QAM bit by bit. Following a similar derivation as in ((al cosasingh) cos 6-+/rbsin )) ¢ v

16-QAM, we obtain the final BER expression (40)
Thus (36) becomes
Fosagam(E) = Zwiz(am bi, ¥, 7, p) (37) 12
‘ Piegam(E) = Z wiZ(a1i, a2, 03,7, 7, p) (41)
where the coefficientsy;, a;, andb; are listed in Table IlI. i=1

_p/ﬂ'/2/7r/2 sin29(72(\/ﬁsin2981n</)+1,\/1—p(a Qcosﬁ—i-b\/ﬁsinﬁ))
0

Z(a,b,Q,Q, p) = 2
(2,6,9,92,p) 7 )2 (Vpsin26sing +1)2 dg df (32)
1_ ®/2 /2 51n29j2 psm2951nd)+1 V(11— acos@—i—\/_bsmﬁ))

L(a, b, 7,7, p) = —n)2 (y/psin 20 smd)—i— 1)2 dg db (35)
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TABLE IV . 64-QAM
COoEFFICIENTS IN THEBER oF 16-QAM (AMPLITUDE AND PHASE ERROR) 10 : St e ! ! :
__— Perfect AGCj -
tlw=au=|ax= b= |1 wi=|ay=|ayx=|b= [
1 1 1 1 1 1 1 1
§X =X | w5 | E&X §% =X | mx | Ex oo
1)1 3 1 0 701 13 1 2 W IR T T T T e e ey
211 3 3 0 8 |-1 3 3 2
311 1 1 0 9 |1 -1 i 2 B P80 ]
41 1 3 0 10 |1 -1 3 2 ~
w10 4
51 3 1 -2 111 1 1 2 oo
61 3 3 -2 1211 1 3 2 R
10° NN ]
. 16.0AM S E IS IS ST ESEE SEH PSS S RGN ey
10 T — T = . e S . <
| [ reretacq]
‘ . 107 ) 1 L L L ( !
0 5 10 15 20 25 30 35 40

Average SNR per bit {(dB)

Fig. 10. 64-QAM BER performance. = 1.

TABLE V
VALUES OF 7 AND p FOR f47Ts = 0.03
T (dB) | K | L 16-QAM 64-QAM
T P T p
5 30 | 15 | 1.0758 | 0.92855 | 1.0502 | 0.95120
20 30 | 15 | 1.0014 | 0.99756 | 1.0006 | 0.99837
20 15 | 15| 0.9521 | 0.99186 | 0.9513 | 0.99268
- , 1 1 . , ‘ 1 20 30 |5 | 1.0028 | 0.99759 | 1.0020 | 0.99839
° s 10 average St per bit a0 3 a0 35 30 | 15 | 0.9990 | 0.99991 | 0.9990 | 0.99994

Fig. 9. 16-QAM BER performance: = 1.

16-QAM with PSAM
10 — T T — T T T

where the coefficientaw;, a1;, ao;, and b; are listed in Y] ———  Perfect AGC
i - == Amplitude error: Theory
Table IV. ke + +  Amplitude error: Simulation
B ——o  Amplitude & phase error: Theory
100 | = i : * *  Amplitude & phase error: Simulation

C. Numerical and Simulation Examples S - S IR

Figs. 9 and 10 show the effect of the amplitude estimation

error as a function of the correlation coefficignon the BER ™ F i oo : G
of 16-QAM and 64-QAM, respectively, with = (/Q) fixed & SN S
at 12 These figures indicate that an error floor occurspas - ' :
decreases from 1. This result is expected, since @escreases AR S
from 1, the fading estimate and the corresponding AGC SR Cn
exhibit increasing error. Equivalently, the decision regions for h
demodulation are increasingly offset, which can lead to errors" SRR : B

even in the absence of noise, i.e., an error floor. Note that [ N P

p, given by (18), is a function of,,, K, L, and f,7;. Thus,

107
the values of these parameters must be chosen soptisat 0 s 10 1 vorage S per bit (6 % % 40
sufficiently close to 1 in order to meet the BER target. In _ .
Table V, we compute from (18) for a range of, K, L, and ZQT“_ OBOE,SR of 16-QAM with PSAM.L = 15, K = 30, and

fdTs values. As expectegh, increases toward 1 as the average

SNR per bit(7;) and the interpolation size for the PSAM

estimate ) increase, and as the frame sizg) decreasese these calculations, for 16-QAM is equal to 0.93 atfy, = 5

will also increase as the normalized Dopples7; decreases. dB, 0.9976 aty, = 20 dB, and 0.99991 af, = 35 dB.
Figs. 11 and 12 show the BER performance of 16-QAM arfcor 64-QAM, p is equal to 0.95 afy, = 5 dB, 0.9984 at

64-QAM, respectively, as a function of the average SNR pef = 20 dB, and 0.99994 &, = 35 dB. Thus, Figs. 11 and

bit 7. From Table V, we see that for the parameters used 12 exhibit no error floor, since we see from Figs. 9 and 10

2For practical values of7, K, L, and f4Ts, r is very close to 1 and has that th_ese Yalues qﬁ .are SUfﬁCiently glo;e to 1 at eacbf_
little effect on BER. to avoid this floor. Figs. 11 and 12 indicate that amplitude
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We have studied the effect of fading amplitude and phase
estimation error on the BER of 16-QAM and 64-QAM with
PSAM over flat Rayleigh fading channels. The results are
obtained by averaging the conditional BER over the joir
distribution of the fading and its estimate. The exact BE
expressions are given by finite-range integrals as a functi
of the PSAM parameters. We find that for 16-QAM and 64
QAM, amplitude estimation error yields approximately 1 dB ¢
degradation in average SNR, and combined amplitude-ph:
estimation error yields a 2.5-dB degradation for the syste
parameters we considered. Our results allow the designers o,
M-QAM with PSAM to easily choose system parameters to
meet their performance requirements under reasonable channel
Doppler conditions.
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