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Variable-Rate Variable-Power
MQAM for Fading Channels

Andrea J. Goldsmithivember, IEEE and Soon-Ghee Chuassociate Member, IEEE

Abstract—We propose a variable-rate and variable-power power and rate can be allocated to take advantage of favorable
MQAM modulation scheme for high-speed data transmission channel conditions. In [1], the optimal adaptive transmission
over fading channels. We first review results for the Shannon scheme which achieves the Shannon capacity of a fading

capacity of fading channels with channel side information, where h | derived. In thi K d I tical
capacity is achieved using adaptive transmission techniques. wechannel was derived. In this work, we develop practica

then derive the spectral efficiency of our proposed modulation. Vvariable-rate variable-power MQAM modulation techniques
We show that there is a constant power gap between the spectral for fading channels inspired by the capacity results in [1].
efficiency of our proposed technique and the channel capacity, ~ Adaptive transmission, which requires accurate channel es-
and this gap is a simple function of the required bit-eror n,qi0q ot the receiver and a reliable feedback path between the
rate (BER). In addition, using just five or six different signal . . . . )
constellations. we achieve within 1-2 dB of the maximum F€ceiver and transmitter, was first proposed in the late 1960’s
efficiency using unrestricted constellation sets. We compute [3]. Interest in these techniques was short lived, perhaps due
the rate at which the transmitter needs to update its power to hardware constraints, lack of good channel estimation tech-

&”d rate ast fl‘ I_“”C“O”t Ofvt\'/“e Clha“”%'t [_)optaler freqlienfcfy for niques, and/or systems focusing on point-to-point radio links
ese constellation sets. e also obtain € exact efnciency,, . . .
loss for smaller constellation sets, which may be required if without transmitter feedback. The fact that these issues are

the transmitter adaptation rate is constrained by hardware |€SS constraining in current systems, COUF?'ed. with the groyving
limitations. Our modulation scheme exhibits a 5-10-dB power demand for spectrally efficient communication, has revived
gain relative to variable-power fixed-rate transmission, and up interest in adaptive modulation methods. The basic idea behind
to 20 dB of gain relative to nonadaptive transmission. We also adaptive transmission is to maintain a consta&iy N, by

determine the effect of channel estimation error and delay on . . o
the BER performance of our adaptive scheme. We conclude with varying the transmitted power level [3], symbol transmission

a discussion of coding techniques and the relationship betweenrate [4], constellation size [5]-{7], coding rate/scheme [8], or

our proposed modulation and Shannon capacity. any combination of these parameters [9]-[11]. Thus, without
Index Terms—Adaptive modulation, fading channels, spectral sacrificing bit-error rate (BER), these schemes provide high
efficiency. average spectral efficiency by transmitting at high speeds

under favorable channel conditions, and reducing throughput
as the channel degrades. The performance of these schemes
is further improved by combining them with space diversity
IGH-SPEED wireless data transmission requires robuyd], [13]. Adaptive techniques are also used for high-speed
and spectrally efficient communication techniques fanodems [14], [15], satellite links [16]-[18], and to minimize
flat-fading channels. When the channel can be estimated afistortion or satisfy quality-of-service requirements in end-to-
this estimate sent back to the transmitter, the transmissiend wireless applications [19], [20]. Our approach is novel
scheme can be adapted relative to the channel characteristigkative to all of these adaptive techniques in that we optimize
Most modulation and coding techniques do not adapt to fadibgth the transmission rate and power to maximize spectral ef-
conditions. These nonadaptive methods require a fixed lifikiency, while satisfying average power and BER constraints.
margin to maintain acceptable performance when the chanpgthough we restrict ourselves to MQAM signal constellations,
quality is poor. Thus, these systems are effectively designg@ same adaptive techniques can be applied to lattice-based
for the worst case channel conditions, resulting in insufficiegbnstellations [21], which exhibit 1-1.5 dB of shaping gain
utilization of the full channel capacity. Adapting to the signalelative to MQAM.
fading allows the channel to be used more efficiently since e first determine the spectral efficiency of our variable-
rate variable-power MQAM technique and compare it with
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Truncated channel inversion maintains a constant receivaukctral efficiendy/of a cellular system, defined as its average
SNR unless the channel fading falls below a given cutoff levedjts/s/Hz/kn?. Indeed, while we show in this paper that chan-
at which point a signal outage is declared and no signalnigl inversion can significantly reduce the spectral efficiency
sent. This technique has almost the same spectral efficiencyfs single user relative to optimal adaptation, this inversion
our adaptive modulation. However, the corresponding outage necessary in CDMA cellular systems without multiuser
probability can be quite high. Thus, fixed-rate transmissiatetection to reduce the near—far effect [22], [23]. The area
with truncated channel inversion approximates a packet radipectral efficiency of FDMA/TDMA cellular systems with the
protocol, with bursts of high-speed data when the channeladaptive policies described in this paper are analyzed in [24],
favorable and idle times in between. Nonadaptive modulatiovhere it is shown that power adaptation typically reduces area
exhibits up to 20 dB of power loss relative to these adaptiwpectral efficiency, while rate adaptation improves it. We do
techniques. not consider the effect of cochannel interference in our analysis
There are several practical constraints which determibelow. Thus, our results apply to systems without frequency
when adaptive modulation should be used. If the chanmeluse, or to cellular systems where the cochannel interference
is changing faster than it can be estimated and fed baisksignificantly mitigated through cell isolation, sectorization,
to the transmitter, adaptive techniques will perform poorlyr adaptive antennas.
and other means of mitigating the effects of fading should The remainder of this paper is organized as follows. In
be used. In Section VI, we find that, for a target BERhe next section, we present the system model. In Section I,
of 1076, the BER remains at its target level as long ase review the Shannon capacity of our fading channel model
the total delay of the channel estimator and feedback pathder different power adaptation strategies. We describe our
is less than0.001\/v, where v is the vehicle speed andvariable-rate variable-power MQAM modulation technique
A is the signal wavelength. Thus, for a 900-MHz signalp Section IV, and optimize its rate and power adaptation
at pedestrian speeds of 3.6 km/h, the total delay shoutd maximize spectral efficiency. The spectral efficiency for
not exceed 0.3 ms, and at vehicle speeds of 90 km/h, thestricted constellation sets is obtained in Section V, where we
total delay should not exceed 13.3. The former constraint also determine the rate of transmitter adaptation as a function
is within the capabilities of existing estimation techniquesf the channel Doppler frequency. Our simulation results for
and feedback channels, while the latter constraint is mdB&R and spectral efficiency are presented in Section VI, along
challenging. However, a higher BER target loosens the delagth the spectral efficiency of suboptimal adaptive techniques.
constraint: atl0~2 BER, a total delay constraint of lessWe derive expressions for the increase in BER as a function
than 0.01)\ /v suffices for good performance. The effects off channel estimation error and the estimator and feedback
estimation error are also characterized in Section VIl whepath delay in Section VIII. We conclude with a discussion of
we find that, assuming perfect AGC, the estimation error mustding techniques for our adaptive policy, and the relationship
be less than 1 dB to maintain the target BER. In Rayleidietween our proposed technique and Shannon capacity.
fading, this bound on estimation error can be achieved using
the pilot-symbol-assisted estimation technique described in
[25] with appropriate choice of parametérBinally, hardware
constraints and pulse-shaping considerations may dictate ho/eonsider a discrete-time channel with stationary and er-
often the transmitter can change its rate and/or power. gadic time-varying gainy/g[i] and additive white Gaussian
Section V, we derive a closed-form expression for how oftdipise n[i]. Let S denote the average transmit signal power,
the transmitter must adapt its signal constellation as a functidn /2 denote the noise density efi], B denote the received
of the Doppler frequencyp = v/A. We find that even at signal bandwidth, and; denote the average channel gain.
high Doppler frequenciesfp = 100 Hz), for symbol rates With appropriate scaling ob, we can assume that = 1.
of 100 ksymbols/s, the constellation remains constant oe®r a constant transmit powef, the instantaneous received
tens—hundreds of symbols. SNR is ’yﬁ] = Sgli]/(NoB) and the average received SNR
Cellular systems exploit the power falloff with distance ofs ¥ = S/(NoB). Suppose, however, that we adapt the
signal propagation to reuse the same frequency channeltransmit power at time based on the channel estimafé] or,
spatially separated locations. While frequency reuse provideguivalently, oni[i] = S§[i]/(NoB). We denote the transmit
more efficient use of the limited available spectrum within power at timei with this adaptive scheme b(4[]), and the
given area, it also introduces cochannel interference, whitg¢ceived power at timeis then~[:](S(4[z])/S). Sincegl:] is
ultimately determines the data rates and corresponding BERt8tionary, the distribution of[i] is independent of, and we
available to each user. Thus, although adaptive modulati@@note this distribution by(~). When the context is clear, we
techniques increase the spectral efficiency (bits/s/Hz) ofwdll omit the time reference relative toy and S().
single channel, these techniques may also increase cochann&he system model is illustrated in Fig. 1. We assume that
interference levels in a cellular system, thereby requiringa estimatej[:] of the channel power gaip[:] at time is
higher reuse distance to mitigate this increased interfererid@ilable to the receiver after an estimation time delay-.of
power. Adaptive modulation may therefore reduce #mea and that this same estimate is available to the transmitter after

Il. SYSTEM MODEL

1There will be some loss of spectral efficiency for this estimation technique2Unfortunately, the area spectral efficiency is often referred to as just
since the pilot symbol rate must be subtracted from the transmitted symispkctral efficiency, which causes some confusion between the two definitions.
rate. In this paper, spectral efficiency refers to the bits/s/Hz of a single-user channel.
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Fig. 1. System model.

a combined estimation and feedback path delay efr.+7;. where X, is the effective autocorrelation distance of the
We also assume ideal coherent phase detection. The chatoghormal shadowing. This distance is on the order of 10-100
gain estimation errok[i] is defined ase[i] = §[i]/g[¢] = m, depending on propagation distance [28].
~[¢]/~[7]. We assume that the feedback path does not introduce
any errors, which can be assured by increasing its delay time m
and using an ARQ transmission protocol. The availability
of channel information at the transmitter allows it to adapt The capacity of both fading and AWGN channels is limited
its transmission scheme relative to the channel variation. P the available transmit power and bandwidth. L¥fty)
Sections I1I-VI, we ignore the effects of estimation error an@€note the transmit power adaptation policy relative to an in-
delay, assuming = 1 andr = 0. We relax these assumptionsStantaneous value of subject to the average power constraint
in Section VII, and determine closed-form expressions for the o0
increase in BER resulting from these effects. / S(y)p(y) dy < S. (3)

We will assumep(+) to be either lognormal or exponen- 0

tial (Rayleigh fading) in the numerical calculations belowrhe capacity of a fading channel with bandwidf and

although our formulas apply for any distribution of The average powef under the assumptions outlined in Section Il
lognormal distribution arises from attenuation of the transs derived in [1] to be

mitted signal by surrounding buildings, and the exponential

. CHANNEL CAPACITY

distribution arises from multipath [26]. Although both types qf; _ e /°° Blog <1 4 S(’Y)’Y)p(,y) iy
fading will typically be superimposed on the received signal, s [ s(p(v) dv=5 Jo 2 S '
we consider the two distributions separately for the following @)

reasons. At low speeds, the lognormal shadowing is essentially

constant, and the Rayleigh fading is sufficiently slow so that The power adaptation which maximizes (4) is

it can be estimated and fed back to the transmitter within the

estimation error and delay constraints outlined in Section VII. S(v) 1 1 >

At high speeds, these constraints may not be met. In this case, 5 =Y v B (5)

most of the Rayleigh fading can be removed with a sufficient 0, Y <70

number of diversity branches at the transmitter or receivgg, some “cutoff’ valueqo. If y[i]<7o at time i, then no

in which case the adaptive modulation need only respond i8,ver is allocated to théth data transmission. Since is

lognormal channel variations. o time varying, the maximizing transmit power distribution (5)
The rate of channel variation will dictate how often thes 5 «yater-filling” formula in time that depends on the fading

transmitter must adapt its rate and/or power, and will alsQ,isticsp(+) only through the cutoff valuey. In particular,

impact the BER increase due to estimation error and delgynen the channel is favorabley large), more power is

For Rayleigh fading, we assume the standard Jakes model 496 -ated for transmission. Conversely, when the channel is not

the autocorrelation of the channel power gain over time [26)5 4404, less power will be transmitted. If the channel quality

A (1) = J2(2mv7 N) (1) drops belowyy, the channel is not used on that transmission.
J ¢ Substituting (5) into (3), we see that is determined by
where v is the mobile user's velocity and is the RF numerically solving

wavelength. -
The autocorrelation function for lognormal shadowing is not / <i - l)p(,y) dy=1. (6)
well characterized. However, measurements reported in [27] w \Y ¥

support an autoregressive model: o )
PP g For somep(~) distributions, a closed-form expression fay

Ay(r) = eIl (2) may be found. Oncey is known, we substitute (5) into (4)
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to get compensate for deep fading. In fact, the capacity with channel
.00 inversion (11) in Rayleigh fading is zero [1].

C= Blog, <—>p(’y) dry (7 A better form of power control is truncated channel in-
o version, which only compensates for fading above a certain

The maximum spectral efficiency is defined @¢B, the cutoff fade depthyo:

channel capacity per unit hertz, and is obtained by dividing g o0
both sides of (7) by the channel bandwidth S0) _ 7 Z 70 (12)
The modulation and coding strategy which achieves this S 0, v<9.

capacity is a multiplexing technique whereby the coding ar§1nce the channel is only used when> ~o, the average
modulation transmitted over the channel with a fade lev lower constrainG yields oy = 1/m _whe:re
of v[¢] = ~ are optimized for that fade level. The resulting8 0 Mo

transmission scheme is both variable power and variable rate. — a [T1
In [1], we show that this multiplexing strategy achieves the [1/7), = L ;p(’y) dy. (13)
channel capacity (7), and that no other transmission method o b o
achieves a higher rate with arbitrarily small BER. The capacity in this case, obtained by maximizing over all
Note that for a constant transmit pows~y) = S, the possible~o, is
capacity of (4) reduces to O(S) = II’l‘/aXBIOgQ[]. + oolp(y > o). (14)
C :/0 Blogy(1+)p(y) dy ®)  The capacity of this truncated policy with optimized is

. . shown in [1, Figs. 3-4] to exhibit a power loss relative to the
which was previously reported by Lee as the average chanBB imal policy (7) of 3-5 dB in lognormal shadowing and 12
capacity [29]. In fact, it is shown in [1] that (8) is the ShannoaB in Rayleigh fading

capacity of the fading channel when the transmitter adapts
to the channel variation using a constant-power variable-rate
strategy. Surprisingly, the difference between (4) and (8) is a IV. VARIABLE-RATE VARIABLE-POWER MQAM
small fraction of a decibel for most types of fading [1]. This Shannon capacity places no restriction on the complexity or
negligible impact of power adaptation results from the faclelay of the multiplexed transmission scheme which achieves
that the capacity formula (4) places no restriction on the inpo@pacity. In fact, Shannon theory does not tell us anything
signal constellation. Since we can vary the rate continuousout how to design this scheme. Therefore, the main emphasis
varying the power as well has little impact. We will se®f this paper is on practical adaptive modulation methods, and
in Section V that when the constellation size is restrictdtieir spectral efficiency relative to the theoretical maximum
to square constellations (an even number of bits/symbadf, the previous section. Specifically, we consider a variable-
restricting the power adaptation as well has a greater impagte and variable-power modulation method using MQAM
on spectral efficiency. signal constellations. We will see that the same optimization
A simpler form of power adaptation is total channel inof power and rate used in Section lll can be applied to our
version, where the transmitter adjusts its power to maintaildQAM design. We also obtain a formula for the efficiency
constant received power. The power control policy for channdifference between our adaptive MQAM technique and the
inversion is fading channel capacity (7).
S o Consider a family of MQAM signal constellations with a
— == (9) fixed symbol ratel’,, where M denotes the number of points
S v . . . . .
in each signal constellation and we assume ideal Nyquist data
where o equals the received SNR that can be maintaingfliises (sinft/7,]) for each constellatioh.Let S, B, Ny, v =
subject to the average power constrainfThus,o must satisfy (S, /N,B), and5 = (S/N,B) be as defined in Section IIl.

o 1 Since each of our MQAM constellations has Nyquist data
/ ;p(’y) =l=o0o= ﬁ (10) pulses(B = 1/T), the averagel’,/N, equals the average
SNR:

whereZz denotes the expected, or average, value.of

The channel capacity with this power adaptation strategy Es = ST, =7. (15)
is derived from the capacity of an AWGN channel with a No  No
received SNR ofo: The spectral efficiency of our modulation scheme equals its
1 data rate per unit bandwidthR/B). For fixed M,R =
C = Blog,[l + 0] = Blog, |1+ :] . (11) (log, M)/T,. The spectral efficiency for fixed/ is therefore
[1/] log, M, the number of bits/symbol. This efficiency is typically

This form of power adaptation greatly simplifies the coding 3These results assume an SNR range of 5-30 dB, and a standard deviation
and modulation for the fading channel since the channel with 8 dB for the lognormal shadowing. As this standard deviation decreases

inversion appears to the encoder and decoder as an Awgg\ﬁgr,\?,ctr?;nﬁ:{)acny of all of the adaptive techniques approaches that of an
channel, mdependent of the fadmg statistics. However, Wlth“PracticaI Nyquist filters with nonzero excess bandwidth will reduce the

channel inversion, much of the transmit power is used #pectral efficiency.
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parameterized by the average transmit poweand the BER 9
of the modulation technique.

In [30], the BER for an AWGN channel with MQAM & =~ ShannonCapacy
modulation and ideal coherent phase detection is bounded by, | - - Adaptive MQAM (BER=10"-3)

BER < 2¢ 197/ (M=1), (16)

-.- Adaptive MQAM (BER=10"-6)

=z
T

tighter bound good to within 1 dB fordf > 4 and
<7 <30dBis

BER < 0.2¢=157/(M=1), (17)

A
0

IS
T

tral Efficiency (ops/Hz)
L%l

In a fading channel with nonadaptive transmission (constan§3’
transmit power and rate), the received SNR varies with time. ,| -7 -7
The BER in this case is obtained by integrating the BER in | __.--~
AWGN over the fading distributiop(+). For BPSK(M = 2) T i
in Rayleigh fading, this integration yieldSER ~ (1/4%) at ,
large SNR'’s [31]. Without transmitter adaptation, we therefore 10 Average(;BSSNR @) 20 25
requirey = 24 dB to obtain a spectral efficiency of 1 at
10~3 BER. ForM > 4, we can bound the average BER byrig.- 2. Efficiency in lognormal shadowingr = 8 dB).
integrating over (17):

If we definevy = vo/K and substitute (23) into (21), we get

BER < /0-26_1'57/(]”_1)17(7) dy,  M=4. (18) 10 maximum spectral efficiency

Setting M = 4 in (18) yields a required average SNR of R 0
~ = 26 dB to obtain a spectral efficiency of 2 a6—2 BER. B / log, <
We will see below that adaptive techniques yield much higher v
spectral efficiencies at these BER and power specifications. Comparing the power adaptations (23) and (5) and the
We now consider adapting the transmit powity) relative  spectral efficiencies (7) and (25), we see that the power adap-
to v, subject to the average power constraintThe received tation and spectral efficiency for both the optimal transmission
SNR is themyS(v)/S, and the BER bound for each value okcheme and our MQAM technique are the same, with an

%)pw)- (25)

K" K

v becomes effective power loss of< in the latter case. In other words,
1.5y S(v) there is a simple relationship between the maximum spectral
BER(v) < 0.2exp {M ] T} (19) efficiency of a fading channel and the spectral efficiency of

_ o _ our uncoded adaptive MQAM technique: uncoded MQAM
We can also adjusft/ and 5(v) to maintain a fixed BER. has an effective power loss ok relative to the optimal
Rearranging (19) yields the following maximum constellatiogransmission scheméndependent of the fading distribution

size for a given BER: Equivalently,K is the maximum possible coding gain for our
1.5 S(v) adaptive MQAM method._We di;cuss codin_g _techniqges for
M(y)=1+ “W(SBER) S (20)  our adaptive modulation in Section VIII. It is interesting to
o o o note that this constant gap between Shannon capacity and the
We maximize spectral efficiency by maximizing spectral efficiency of MQAM has also been reported for time-

1.57 S(%) invariant channels with ISI and decision-feedback equalization
Ellog, M(7)] = / log, {1+ = = P dv  [32], [33].
—In(5BER) § ' .
1) We compute the efficiency (25) at BER’s td—2 and10—°
for both lognormal shadowing (relative to the average decibel

subject to the power constraint received power and for a standard deviatior= 8 dB) and
_ Rayleigh fading in Figs. 2 and 3, respectively. We also plot
/ S(vp(y) dy = 5. (22)  the capacity (7) in these figures for comparison.

We can also apply the suboptimal policies of total and

The power control policy that maximizes (21) has the samgncated channel inversion to adaptive MQAM. The spec-
form as the optimal power control policy (5) which achievegy) efficiency with total channel inversion is obtained by

capacity: substituting (9) in (20):
1 1
SO) _ ) === 7r2w/K ~15
W _ { P - (23) B gy (14— ) (26)
0, v <7/K, B In(5BER)[1/7]
where~y/K is the optimized cutoff fade depth and

This spectral efficiency is based on the tight bound (17); if
K= — - (24) R/B < 4, the loose bound (16) must be used and the spectral
In(5BER) efficiency recalculated.
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9 . - : time. Choosing theM, constellation corresponds to no data
transmission. For each value of we must decide which
constellation to transmit and what the associated transmit
- = Adaptive MQAM (BER=10"-3) power should be. The rate at which the transmitter must
-~ Adaptive MQAM (BER=10"-6) change its constellation and power is analyzed below. Since
. the power adaptation is continuous while the constellation size
L7 is discrete, we call this the continuous-power discrete-rate
adaptation scheme.

PR We determine the constellation size associated with gach
by discretizing the range of channel fade levels. Specifically,
i we divide the range ofy into N + 1 fading regions and
associate the constellatiald; with the jth region. The data
rate forv values falling in thejth region is thudog, M,.

. We set the region boundaries as follows. Define

0, 5 : % 2 M(y) =L (28)

15
Average SNR (dB) Ti

o«
T

—— Shannon Capacity B

Spectral Efficiency (bps/Hz)
w EY w » ~
T T T

N
T

Fig. 3. Efficiency in Rayleigh fading. where~j >0 is a parameter which will later be optimized to
maximize spectral efficiency. Note that substituting (23) into
0) yields (28) withv;; = k. Therefore, the appropriate

With truncated channel inversion, the channel is only usé g _ s ) . )
oice ofvj}, in (28) defines the optimal constellation size for

when v >+~,. Thus, the spectral efficiency with truncated h~ when there i lati -
channel inversion is obtaining by substituting (12) into (Z(Saz v when t er(ra] IS *no_ C?pstg at|0dn crje?trg\tjlon. _
and multiplying by the probability that > ~o. The maximum ssume now thatyi Is fixed, and defin@My; = cc.

: : L : To obtain the constellation siz&f; for a fixed v, we first
value is obtained by optimizing relative to the cutoff levgl s ’
y.op g e computeM () from (28). We then findj such thatdz; <

R ~15 M(~) < M;4; and assign constellatiof/; to this v value.
p o max logy {1+ In(3BER)[1/7] pP(y>70)- (27)  Thus, for a fixedy, we transmit the largest constellation in
o our set{M;: j = 0,---,N} that is smaller thanM ().

The spectral efficiency of MQAM with these suboptimaFor example, if the fade leve} satisfies2 < v/vj; <4, we
policies, in both lognormal and Rayleigh fading, is evaluatdtansmit the BPSK signal constellation. The region boundaries
in [34, Figs. 3 and 4]. are located aty = ~3M;,j = 0,---,N + 1. Clearly,

The spectral efficiencies (25)—(27) place no restrictions dncreasing the number of discrete signal constellatidns
the constellation size; indeed, the size is not even restrictgélds a better approximation to the continuous adaptation (20),
to integer values. While transmission at noninteger ratesrgsulting in a higher spectral efficiency.
possible, the complexity is quite high [40]. Moreover, it is Once the regions and associated constellations are fixed,
difficult in practice to continually adapt the transmit powewe must find a power control policy which satisfies the
and constellation size to the channel fading, particularly BER requirement and the power constraint. By (20), we can
fast fading environments. Thus, we now consider restrictifgaintain a fixed BER for the constellatiai; > 0 using the
the constellation size to just a handful of values. This wipower control policy
clearly impact the spectral efficiency, although, surprisingly,

1
not by very much. S0 _ { (M; - 1) K M;
0. M;

IN

SMjvr (o)

e
S 8/;(

V. CONSTELLATION RESTRICTION ) o )
A fixed BER implies that the receiveds,/N, for each

We now restrict ourselves to MQAM constellations of Siz%onstellationM» is constant:
f .

Mo =0, M; =2,andM; =220-1 j =2... N. We use
square constellations for lardd due to their inherent spectral E,(j)  ~Sj(v)  M;—-1 (30)
efficiency and ease of implementation [31]. We first consider N  § = K

the impact of this restriction on the spectral efficiency of the

optimal adaptation policy. We then determine the effect oihereS;(v)/S is defined in (29). In Table I, we tabulate the

the channel inversion policies. constellation size and power adaptation as a function ahd
~j, for five fading regions.
A. Optimal Adaptation The spectral efficiency for this discrete-rate policy is just

Wi imize th bl bl MOA the sum of the data rates associated with each of the regions
e now optimize the variable-rate variable-power MQ _Mnultiplied by the probability thaty falls in that region:
transmission scheme subject to the constellation restrictions

described above. Thus, at each symbol time, we transmit a R N
constellation from the sefM;: j = 0,1,---, N}: the choice 5= > logo(My)p(M; < v/vic <Mjz1).  (31)
of constellation depends on the fade leyabver that symbol j=1
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TABLE | 8 . .
RATE AND POWER ADAPTATION FOR FIVE REGIONS ~ Continuous Power and Rate
Region( 7 Range M. | S. S 71 ... —o- Continuous Power, Discrete Rate (5 regions) 4
go (]) 0 <A/ / *g< 2 0] ](’Z))/ —*— Continuous: Power, Discrete Rate {4 regions}
=k T —+- Continuous Power, Discrete Rate (3 regions})
1 2< /1 <4 | 2 gl 6} .
N
2 4<y/yx <16 | 4 = 5
o
3 16 < v/vk < 64| 16 = =
B3 2
4 64 <y/vy <oo | 64 75 s
E 4 -
E
8 2
w 3t
—-— Continuous Power and Rate
7L —o- Continuous Power, Discrete Rate (6 regions) |
—*— Continuous Power, Discrete Rate (5 regions) 2
—+- Continuous Power, Discrete Rate (4 regions) BER = 10-3
:,‘6 | —x- Continuous Power, Discrete Rate (3 regions) -7 ’ =z ; . .
% 5 10 15 20 25
s Average SNR (dB)
i
§ Fig. 5. Discrete-rate efficiency in Rayleigh fading.
T,
© .. . . . .
g cannot perform the optimization. We will present simulation
@ gl results for this policy in Section VI using suboptimal transmit
power values. Even with this suboptimal choice, these simu-
| - lations demonstrate that keeping the transmit power constant
2
.- BER - 10"-3 in each region results in less than 2 dB of power loss relative
; . , , to the continuous-power discrete-rate policy.
> 10 Average dbs SNR (d5) 2 % The choice of the number of regions to use in the adaptive
policy will depend on how fast the channel is changing
Fig. 4. Discrete-rate efficiency in lognormal shadow{ng= 8 dB.). as well as on the hardware constraints, which dictate how

many constellations are available to the transmitter and at
Since M; is a function ofy;, we can maximize (31) relative what rate the transmitter can change its constellation and
to v}, subject to the power constraint power. For constellation adaptation on a per-symbol basis,
. ) the number of regions must be chosen such that the channel
Y M Si() gain stays within one region over a symbol time. However
/ ——p(y)dy=1 (32) . ; . ) '
=y S hardware constraints and pulse-shaping considerations may
dictate that the constellation remain constant over tens or even
where S;(v)/S is defined in (29). There is no closed-formhundreds of symbols. In addition, power-amplifier linearity
solution for the optimaly;,: in the calculations below, it was requirements and out-of-band emission constraints may restrict
found using numerical search techniques. the rate at which power can be adapted. An in-depth discussion
In Figs. 4 and 5, we show the maximum of (31) versusf hardware implementation issues and a description of a
the number of regiongN + 1) for lognormal shadowing VLSI prototype can be found in [35]. Hardware advances
and Rayleigh fading, respectively. These figures assumenil eventually make today’s constraints obsolete. However,
BER of 10~3. The plots for BER’s of10=¢ were similar determining how long the channel gain remains within a
in shape with a smaller spectral efficiency. From Fig. 4, wearticular region is of interest since it determines the tradeoff
see that restricting our adaptive policy to just six differeriietween the number of regions and the rate of power and
signal constellationgM; = 0,2,4,16,64,256) results in constellation adaptation. We now derive this value.
a spectral efficiency that is within 1 dB of the efficiency Let7; denote the average time duration thastays within
obtained with continuous-rate adaptation (25). Fig. 5 alsbe jth fading region. Letd; = ~j M, for v and Af;
shows approximately 1 dB of power loss for Rayleigh fadings defined above. Thgh fading region is then defined as
using five constellationM; = 0,2, 4,16,64). Similar results {v: A; <y < A;4:}. We call7; the jth average fade region
were obtained at a BER dfo—¢. duration (AFRD). This definition is similar to the average
We can simplify our discrete-rate policy even further byade duration (AFD) [26, eq. (1.3-44)], except that the AFD
using a constant transmit power for each constellafiégp measures the average time thastays below a single level,
Thus, each fading region is associated with one signal comhereas we are interested in the average time thatays
stellation and one transmit power. We call this the discretbetween two levels. For the worst case regigr= 0), these
power discrete-rate policy. Ideally, the fixed transmit powdwo definitions coincide.
associated with each region should be optimized to maximizeDetermining the exact value of; requires a complex
spectral efficiency. However, since we do not have a closedkrivation based on the joint densityv, %), and remains an
form expression for the spectral efficiency of this policy, wepen problem. However, we can obtain a good approximation
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using the finite-state Markov model derived in [36]. In that TABLE I

paper, fading is approximated as a discrete-time Markov AFDR 7 FOR fm = 100 Hz (RAYLEIGH FADING)
process with time discretized to the symbol periid The Region(j) | y=10dB | 7 =20 dB
underlying assumption of the model is thatremains within 0 2.23ms 737ms

1 .830ms .301ms
2 3.00ms 1.06ms
3 2.83ms 2.28ms
4 1.43ms 3.84ms

one region over a symbol period, and from a given region, the
process can only transition to the same region or to adjacent
regions. These assumptions are consistent with our model,
where v stays within one region over a symbol time. The

transition probabilities between regions under this assumption
are given as

then the correlation between fade levels separated in time

Diiet = Njp1Ts iy = N; T, by 77 is 0.9. The decorrelation distancé. is on the order
7 s T ] of tens of meters in microcells and hundreds of meters in
Pi; =1—pjit1 — Pji-1 (33) macrocells [28], and thus even at high vehicle speeds, the shad-

owing level will remain roughly constant for tens—hundreds

where N; is the level-crossing rate afl; and ; is the ¢ niliseconds.

steady-state distribution corresponding to jkferegion:r; =

p(4; < fy<A_J+1) Since the_tlme in whlch the _Markov% Suboptimal Policies

process stays in a given state is geometrically distributed [37,

eq. (2.66)],7; is given by A restriction on allowable signal constellations will also
affect the total channel inversion and truncated channel in-

T = T = i . (34) version policies. Specifically, although the power adaptation
Pjj+1+ 051 Njpp+N; policies remain the same, the constellation must be chosen
The value of7; is thus a simple function of the level-from the signal setM = {0,2,4,16,64,256}. For total

crossing rate and the fading distribution. While the levefhannel inversion, the spectral efficiency with this restriction
crossing rate is known for Rayleigh fading [26, Sec. 1.3.4p thus

it cannot be obtained for lognormal shadowing since the joint 15
distributionp(v, %) for this fading type is unknown. — =log, <{1 + _—OJ ) (37)
In Rayleigh fading, the level-crossing rate is given by b In(5BER)[1/~] ] ,,
2 A, e where |z] o4 denotes the largest number in the et less
N; = 5 fpe™™ (33)  than or equal tar. The spectral efficiency with this policy

will be restricted to values dbg, M, M € M, with discrete
where fp = v/ is the Doppler frequency. Substituting (35jumps at they values where the spectral efficiency without
into (34), it is easily seen that is inversely proportional to the constellation restriction (26) equdtss, M for someM € M.
Doppler frequency. Moreover, sinag and A; do not depend For truncated channel inversion, the spectral efficiency is given
on fp, if we computer; for a given Doppler frequencyp, we by
can computer; corresponding to another Doppler frequency

R -1.5
fp as — =maxlog, | [1+ L (v > 7Y0).
- fo_ 2 B o In(5BER)[1/7],, ™
Ty = fD T (36) 38)
We show in Table Il ther; values corresponding to five
regions (M; = 0, 2, 4, 16, 64) in Rayleigh fadifigfor VI. SIMULATION RESULTS

fp = 100 Hz and two average power levels. = 10 dB We use the Communication System Simulation and Analysis
(v = 1.22) and5 = 20 dB (v}, = 1.685). The AFRD PpPackage (COSSAP) by Synopsys for our simulations. Fixed-
for other Doppler frequencies is easily obtained using thate transmitter and receiver modules were used as building
table values and (36). This table indicates that, even at higlvcks for the variable-rate transmitter and receiver simulation.
velocities, for symbol rates of 100 ksymbols/s, the discrete-rafge Rayleigh and lognormal shadowing simulation modules in
discrete-power policy will maintain the same constellation anfle COSSAP library were used [39], with velocity entered as a
transmit power over tens—hundreds of symbols. parameter. The velocity was chosen so that, over a symbol time
Signal variation due to shadowing is generally much slowgr,, v stays within one fading region with high probability. The
than variation due to multipath, and so in shadowimgwill  constellation size transmitted at each symbol time was deter-
generally remain within the same region over hundreds gfined using the discrete-rate adaptive policy outlined in the
thousands of symbols. We can make this statement m@i@vious section, assuming perfect instantaneous knowledge
precise through a coarse approximation fgrbased on the of the simulated fade leve} at the transmitter and receiver.
autocorrelation function (2). Specifically, #f; ~ 0.1X./v, We also assumed coherent phase detection at the receiver and

5The validity of the finite-state Markov model for Rayleigh fading channelyyquist qata pU|SeS with zero ISI. Gray COding was used for
has been confirmed in [38]. bit mapping to the MQAM constellations.
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- Expected BER (41) ' _ — Expected BER (41)
—*— Simulated BER —*~ Simulated BER

w10 "
10’4 1 Il L 10’4 1 L 1
5 10 15 20 25 5 10 15 20 25
Average dB SNR (dB) Average SNR (dB)
Fig. 6. BER for lognormal shadowing (six regions). Fig. 7. BER for Rayleigh fading (five regions).
We expect our simulated BER to be slightly smaller than @
the target BER since (19) is an upper bound. An exact BER L —— Continuous Power and Rate |
expression for MQAM with two-dimensional Gray coding is —~o- Continuous Power, Discrete Rate
[4]_] ol —x— Discrete Power and Rate <
T Pl Fixed Rate, Truncated Inversion e
o g . . .
BER(M) = ay erfc< ﬁjw_b> + HOT's (39) 257 -.— Fixed Rate, Total Inversion IR
NO = — — Nonadaptive
whereay; and 3, are constants which depend a# and the %4 1
higher order terms (HOT’s) are negligible. Moreover, for ours,| BER-1073
continuous-power discrete-rate policy, the/Ny for the jth g
signal constellation is approximately o ST
Eb(J):Es(J) 1 — M; -1 (40) il S ; ,,,,,J‘ |
NO NO 10g2 Mj K10g2 Mj : :
We obtain the exact BER for our adaptive policy by averaging ©; 0 5 20 ’ 25
over the BER (39) for each signal constellation: Average d8 SNR (dB)
N Fig. 8. Efficiency in lognormal shadowi = 8 dB).
Par, (M — 1) g y in log ngr )
BER = Z Oéjwj erfc W
j=1 082 4 discrete-rate policy. These figures also show the simulated
VieMjt1 efficiency of the discrete-power discrete-rate policy, where
/ Ny p(7) dv. (41) the transmit power for each region was chosen to achieve
Vi M;

the same simulated BER as the continuous-power discrete-
We plot (41) and the simulated BER in Figs. 6 and 7 farate policy. We see that even with this suboptimal choice
lognormal shadowing and Rayleigh fading, respectively, atof power assignment, keeping the power constant for each
target BER ofl0—2. These simulation results are slightly bettetransmit constellation results in a power loss of just 1-2 dB
than the analytical calculation of (41), and both are smalleglative to continuous-power adaptation. For comparison, we
than the target BER of0—3, for 7 > 10 dB. The BER bound also plot the maximum efficiency (25) for continuous power
of 10~2 breaks down at low SNR’s, since (17) is not applicabland rate adaptation. Both discrete-rate policies have simulated
to BPSK, and we must use the looser bound (16). Since quarformance that is within 3 dB of this theoretical maximum.
adaptive policy will use the BPSK constellation often at low These figures also show the spectral efficiency of fixed-
SNR’s, the BER will be larger than that predicted from theate transmission with truncated channel inversion (38). The
tight bound (17). efficiency of this scheme is quite close to that of the discrete-
The fact that the simulated BER is less than our target power discrete-rate policy. However, to achieve this high
high SNR’s implies that the analytical calculations in Figs. éfficiency, the optimaly, is quite large, with a corresponding
and 5 are pessimistic. A slightly higher efficiency could beutage probability”,.. = p(y < 7o) ranging from 0.1
achieved while still maintaining the target BER 12, to 0.6. Thus, this policy is similar to packet radio, with
In Figs. 8 and 9, we show the simulated spectral efficientyrsts of high-speed data when the channel conditions are
corresponding to this simulated BER for the continuous-powtgvorable. The efficiency of total channel inversion (37) is
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6 : . . typically be less reliable than the estiméitased for decision-
region scaling in the demodulator.
. The estimation error therefore affects the BER of the
T adaptive system in two ways. First of all, the transmit power
e and rate will be adapted &(%) and M (%) instead ofS(~y)
- . and M (v), which may cause a change in the target data rate
and/or BER. In addition, the decision regions of the MQAM
demodulator will be scaled according to the channel estimate
4 instead of its correct value, which will cause an increase
in BER. This imperfect scaling of the decision regions is also
BER=10"-3 ] referred to as imperfect AGC. The effect of imperfect AGC for
- nonadaptive MQAM using pilot-symbol-assisted modulation
LT (PSAM) in Rayleigh fading was studied in [25], [42]. In these
studies, imperfect AGC was found to degrade performance
by 1-3 dB over a wide range of Doppler frequencies and
3 10 15 20 »s  MQAM signal constellations ranging from BPSK to 256-
Average SR (dB) QAM. The extension of these results to adaptive modulation
Fig. 9. Efficiency in Rayleigh fading. with imperfect AGC is beyond the scope of this paper, and we
defer this study to future work, although we expect a similar
—3 dB degradation. We will, however, determine the effect of

Iso shown for lognormal shadowing: this efficien fg3dB . ! .
also sho or lognormal shadowing: this efficiency equae‘c’stlmatlon error on the BER resulting from imperfect transmit

zero in Rayleigh fading. We also plot the spectral eﬁmencgpwer and rate adaptation, assuming perfect AGC. The full

of nonadaptive transmission, where both the transmission rate L . .
: . Impact of estimation error combines the effects of imperfect

and power are constant. The average BER in this case | . s

ower and rate adaptation with imperfect AGC.

obtained by integrating the probability of error (39) against tHE We now analyze the effect of # ~ on BER, assuming

fade distributionp(~). The spectral efficiency is obtained by 2 . :
determining the v(alzje al/ which yields a10—2 BER for the perfect AGC (7 = v). Suppose the transmitter adapts its

given value ofy. Nonadaptive transmission clearly suffers gower and rate relative to a targ8ER, based on the channel

large efficiency loss in exchange for its simplicity. However, i?stlmatefy instead of the true valug. From (19), the BER
. ) .~ ' Is then bounded by

the channel varies rapidly and cannot be accurately estimatéed,

nonadaptive transmission may be the best alternative. Similar

curves were obtained for a target BER 1df¢, with roughly

the same spectral efficiency loss relative tata® BER as

was exhibited in Figs. 2 and 3.

—-—— Continuous Power and Rate
5 —o- Continuous Power, Discrete Rate
—x— Discrete Power and Rate

...... Fixed Rate, Truncated Inversion

S
T

- — Nonadaptive

Spectral Efficiency (bps/Hz)
w
T

N
T

. —-1.5y  S(%)
BE <o0. A AN )
R(v,%) £0.2 eXp[M(,Ay)_l S
=0.2[5BER]"/* (42)

where the second equality is obtained by substituting the
optimal rate (20) and power (23) policies. Foe /v = 1,
VII. CHANNEL ESTIMATION ERROR AND DELAY (42) reduces to the targ@lERg. Fore # 1,e>1 yields an

We now relax our earlier assumptions about estimation er/8fT€ase in BER, and<1 yields a decrease in BER.
and delay to consider the case when the estimation errg/CiVen the distributionp. () for the estimation error, the
¢ =4/ # 1 and the delayr = r; + 7. # 0. The impact of effect of this error on BER is given by
estimation error and delay will be most dramatic on systems - 00
adapting to Rayleigh fading since the signal variation due to BER < / 0.2[5BERo]"*pc(w) d. (43)
multipath is much faster than the variation due to shadowing. 0
We first consider the estimation error. Our adaptive modulatidine distributionp.(z) will depend on the channel estimation
scheme uses the channel estimate at both the transmitter @athnique. Although the estimation error variance for some
the receiver. At the transmitter, the channel estimate is usestimation methods in Rayleigh fading has been obtained [25],
to determine the signal constellation and power to be sent. @&talytic and/or empirical distributions for estimation error are
the receiver, the channel estimate is used to determine whgdmerally unknown. In addition, while the estimation error
signal constellation and power was sent, and also to scale tbe shadow fading in the presence of Rayleigh fading was
decision regions of the MQAM demodulator corresponding ttharacterized in [43], our shadow fading model assumes that
that constellation and power. Note that the channel estimalbe Rayleigh fading is mostly removed through diversity, and
used to determine the signal constellation and power mulse estimation error under this assumption has not been fully
be strictly causal since the transmitter must adapt to tebaracterized. The lack of appropriate models for estimation
changing channel. However, the channel estimate used to seater therefore precludes a full characterization of its effects.
the decision regions can be noncausal (i.e., it can interpolatewever, if the estimation error stays within some finite range,
between past and future channel estimates or pilot symbolklen we can bound its effects using (42).
although this will introduce delay in the decoding. Thus, the We plot the BER increase as a function of a constaint
channel estimate used for rate and power adaptdfianill Fig. 10. This figure shows that for a target BER i3,
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Fig. 10. Effect of estimation error on BER (perfect AGC). Fig. 11. Effect of normalized delagr f,) on BER.

the estimation error should be less than 1 dB, and forfgging is a special case), based on the autocorrelation function
target BER 0f107, it should be less than 0.5 dB. Thesgy) is derived in [45]. Using this distribution in (45), we obtain
values are pessimistic since they assume a constant vaj\€average BER in Rayleigh fading as a function of the delay
of estimation error. Even so, the estimation error can %rameterr. A plot of (45) versus the normalized time delay
kept within this range using the PSAM estimation techniquey , is shown in Fig. 11. From this figure, we see that the total
described in [25] with appropriate choice of parameters (pil@ktimation and feedback path delay must be kept to within

symbol power, spacing, and interpolation length as a functigmo; / f,, to keep the BER near its desired target.
of the channel Doppler). When the channel is underestimated

(e< 1), the BER decreases, but there will also be some loss
in spectral efficiency since the mean of the channel estimate
% will differ from the true mearty. The effect of this average A convolutional or block code can be applied to the uncoded
power estimation error on spectral efficiency is characteriz88 stream before modulation to reduce the BER. If adaptive
in [44], where it is shown to be negligible. Pilot symbols usefhodulation is applied to these coded bits, they will not suffer
for channel estimation will also reduce spectral efficiencpurst errors typically exhibited on fading channels. Since
particularly for rapidly varying channels, where the pilothe adaptive modulation keeps the BER constant under all
symbols must be sent frequently [25]. fading conditions by adjusting the transmit power and rate,
Suppose now that the channel is estimated perféetly 1), the probability of error in a deep fade is the same as with
but the delayr of the estimation and feedback path is nonzerdttle or no fading, thereby eliminating error bursts and the
Thus, at time, the transmitter will use the delayed version oneed for an interleaver. Standard decoding algorithms can be
the channel estimat&(t) = (¢t — 7) to adjust its power and applied to the demodulated bits, although some buffering may
rate. The resulting increase in BER is obtained in the sarf@ required. Unfortunately, block and convolutional codes are
manner as (42): not spectrally efficient, and would therefore reduce some of
“15y() SG®) the efficiency ggins of Fhe variable-_rate scheme. _
A'O’y N A more effective coding scheme is to superimpose a trellis
MH®) -1 S code on top of the adaptive modulation. This superimposed
=0.2[3BER,]"¢~7/7(®), (44) coding technique is investigated in [46], where a simple four-
state trellis code yields an asymptotic coding gain of 3 dB
and an eight-state code yields an asymptotic gain of 4 dB. It
is difficult to obtain more than 4 dB of coding gain using a
trellis code of reasonable complexity. Thus, the constant gap
. . o e . y(24) between the spectral efficiency of adaptive modulation
integrating overp and-y. Specifically, it is shown in [45] that and Shannon capacity, exhibited in Figs. 2 and 3, cannot be
e . fully closed. This discrepancy between Shannon capacity and
BER(r) = /W0 [/0 0.2(5BERo]"p-(p7) dp| P(V) ¥ zchievable rates arises from the lack of complexity and imple-
(45) mentation constraints inherent to Shannon theory. However,
where~yq is the cutoff level of the optimal policy ang{y) is the derivation and general form of the optimal power and
the fading distribution. The distributiop,(p|vy) will depend rate adaptation for our MQAM scheme were identical to that
on the autocorrelation of the fading process. A closed-forof the Shannon capacity analysis. Thus, although we cannot
expression fop.-(p|y) in Nakagami fading (of which Rayleigh reach the Shannon limit, the intuition and general strategy of

VIIl. CODING ISSUES AND CAPACITY REVISITED

BER(y(#),4(t)) 0.2 exp

Define p(t,7) = ~(t — 7)/~v(t). Since~(t) is stationary
and ergodic, the distribution of(¢,7) conditioned onvy(¢)
depends only orr and the value ofy = ~(¢). We denote
this distribution byp. (p|v). The average BER is obtained b

oo
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optimal adaptation in a Shannon sense were useful guidegin
our adaptive modulation design.

IX. CONCLUSIONS [12]

We have proposed a variable-rate and variable-power
MQAM modulation technigue which adapts to the channél3]
variation. We compare the spectral efficiency of our adaptive
method to the theoretical bound on spectral efficiency, anoh
to the efficiency of suboptimal and nonadaptive modulation
techniques. We first show that there is a constant gap betweffg]w
the channel capacity and the maximum efficiency of adaptive
MQAM which is a simple function of the target BER.
We also show that, using just five or six different signqllﬁ]
constellations, we get a spectral efficiency within 1 dB of
the efficiency without constellation restriction. Moreover, our
adaptive technique has a 5-10 dB power gain over variab[e—]
power fixed-rate modulation, and up to 20 dB of power gain
over nonadaptive modulation. Our technique is sensitive &
channel estimation errors and to estimation and feedback paf$)
delay, and this must be taken into account in any practical
implementation. We also determine how fast the transmitter
must change its constellation and power as a function of t
channel Doppler frequency. Hardware constraints will dictate
whether these adaptation rates are feasible. In the final sectiﬁa?‘r
we discuss coding technigues, and reflect on the connectio
between the Shannon capacity of our channel model and (A
adaptive MQAM technique we propose.
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