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Does Fast Adaptive Modulation
Always Outperform Slow Adaptive Modulation?

Laura Toni, Member, IEEE, and Andrea Conti, Senior Member, IEEE

Abstract—Link adaptation techniques are important modern
and future wireless communication systems to cope with quality
of service fluctuations in fading channels. These techniques
require the knowledge of the channel state obtained with a
portion of resources devoted to channel estimation instead of data
and updated every coherence time of the process to be tracked. In
this paper, we analyze fast and slow adaptive modulation systems
with diversity and non-ideal channel estimation under energy
constraints. The framework enables to address the following
questions: (i) What is the impact of non-ideal channel estimation
on fast and slow adaptive modulation systems? (ii) How to
define a proper figure of merit which considers both resources
dedicated to data and those to channel estimation? (iii) Does
fast adaptive always outperform slow adaptive techniques? Our
analysis shows that, despite the lower complexity and feedback
rate, slow adaptive modulation (SAM) can achieve higher spectral
efficiency than fast adaptive modulation (FAM) in the presence
of energy constraint, diversity, and non-ideal channel estimation.
In addition, SAM satisfies bit error outage requirements also in
FAM-denied region.

Index Terms—Adaptive modulation, multichannel reception,
channel estimation, fading channels, performance evaluation.

I. INTRODUCTION

HE diffusion of high speed digital wireless communi-
Tcations has increased the need for reliable high data
rate communications in variable channel conditions. Adap-
tive modulation techniques allow to maximize the spectral
efficiency (SE) in fading channels without compromising the
performance in terms of bit error probability (BEP) and bit
error outage (BEO) (see, e.g., [1]-[7]). The M-ary quadrature
amplitude modulation (M -QAM) achieves high SE and it is
widely considered in adaptive modulation systems. In [3],
for example, power and rate were both adapted to channel
conditions for a M-QAM uncoded system. The gain derived
from an adaptive rather than a fixed transmission scheme is
reported, and it was shown that the channel capacity adapting
only the data rate is almost the same of adapting both rate and
power. The fast adaptive modulation (FAM) technique tracks
instantaneous channel variations due to small-scale fading;
the receiver estimates the instantaneous signal-to-noise ratio
(SNR) and send a feedback to the transmitter with the optimal
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constellation signaling to be used, [1]-[4]. Through adap-
tation, good channel conditions are exploited increasing the
transmitted throughput and, at the same time, preserving the
performance in case of bad channel conditions. In [5], a slow
adaptive modulation (SAM) technique has been proposed, in
which the constellation signaling is adapted tracking large-
scale channel variations (averaged over the small-scale fading)
and compared to FAM. The analysis applies for systems
employing diversity and operating in small-scale and large-
scale fading channels with ideal channel estimation.

Typical performance metrics for adaptive communication
systems are the BEP, the BEO (i.e., the BEP-based outage
probability [8]), and the SE. It is worth noting that FAM
leads to best performance at the cost of a frequent channel
estimation or prediction and high feedback rate. For a given
target BEP, the SE and BEO achieved by SAM are close
to that of FAM and show a significant improvement with
respect to a fixed modulation scheme. With respect to FAM,
the SAM technique requires a reduced feedback rate and has
lower complexity.

For both FAM and SAM techniques, an important role is
played by the channel estimation. The effects of outdated
channel estimation are investigated for adaptive modulation
systems in [3]. Adaptive modulation systems with non-ideal
channel estimation for single- and multi-carrier systems with
FAM are analyzed in [3], [6], [9]-[11]. Channel estimation
techniques typically utilize resources that would be devoted to
data transmission (e.g., pilot symbols can be inserted during
the transmission of data symbols) thus sacrificing the SE.
Hence, it is important to define proper figure of merit able to
capture the trade-off between quality of service and resource
utilization depending on the amount of energy devoted to data
and pilots.

In this paper, we analyze slow and fast adaptive M-QAM
systems with diversity accounting for resources dedicated to
non-ideal channel estimation. The contribution is three-fold:
(i) to define the achieved SE (ASE) which enables to take
into account the portion of transmitted frame dedicated to
data and pilot symbols; (ii) to analyze SAM with diversity
in the presence of non-ideal CSI under energy constraints;
(iii) to compare FAM and SAM under various conditions and
constraints. The framework developed enables the design of
adaptive diversity systems under energy constraints and non-
ideal channel estimation.

The reminder of this paper is organized as follows. In Sec-
tion II the system model and assumptions are presented and in
Section III the performance is derived and a new metric which
considers also the resources utilized for channel estimation is
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defined. In Section IV the performance is evaluated in terms
of BEP, BEO, and the new definition of SE under constraints.
In Section V numerical results are given with indications on
how they can be utilized by a system designer. Finally, our
conclusions are given in Section VI.

II. SYSTEM MODEL AND ASSUMPTIONS

We consider an adaptive modulation system (see Fig. 1)
with M-QAM squared constellation signaling in composite
Rayleigh fading and log-normal shadowing over Ny-branch
multichannel reception with maximal ratio diversity (MRD).
Independent, identically distributed (i.i.d.) fading and same
shadowing level over all branches, (i.e., microdiversity) is
considered.! We denote by hj, the small-scale fading gain on
the k-th branch which is distributed as a complex Gaussian
random variable (RV) with mean zero and variance aﬁ per
dimension for all branches.

We  consider  discrete  variable-rate  modulation
schemes where a set of J + 1 constellation signaling
{My, My,...,M;} can be adopted. As an example, digital
video broadcasting system employs M € {4,16,64,256},
then M; = 4771 and J = 3. The constellation signaling
is chosen opportunistically depending on the value of a
quantity x which is, respectively, the instantaneous SNR
v in the case of FAM and the mean SNR 7, averaged
over small-scale fading, for SAM. Given a target BEP P,
the required SNR for the modulation M; is X7 such that
Pb(x§) = F. The opportunistic modulation is chosen by
comparing the estimated SNR value with the SNRs required
for each modulation to satisfy the target BEP. When the SNR
value falls in the region [X;‘-, X +1)’ the j-th constellation
size M is adopted.

We consider a pilot symbols assisted modulation (PSAM)
scheme (see, e.g., [12]-[16]) where the transmitted frame
is composed by Ny data symbols (each with mean energy
E) and N, pilot symbols for channel estimation (each with
mean energy E, = cE;).”> The mean SNR on each diversity
branch is 5 = E {|h|*} E;/No, where Ny/2 is the two-sided
spectral density of the additive white Gaussian noise (AWGN)

I'Since we consider microdiversity, in the following we will omit the branch
subscript in the notation of the mean SNR, averaged over small-scale fading.

2The frame is structured to transmit N}, pilots within a coherence time of
the channel.
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and E{-} denotes the statistical expectation (here evaluated
over the small-scale fading). The shadowing is assumed log-
normal distributed where 7,3 = 10log;,7¥ is a Gaussian RV
having mean pgp and variance o2;. The channel estimator is
maximum-likelihood and fading channels over branches are
such that h = [hihy ... hy,] is constant over a frame, and
independent frame by frame (block fading channel [17]-[19]).
The estimated fading gain on the k-th branch is

T = by, + ek (1)

where ey, is a zero mean complex Gaussian RV with variance
per dimension o2. In [13] the o2 is derived as a function of
the pilot symbols energy and noise spectral density, as given
by

2 No

% T ON,E,

@)

For M-QAM adaptive modulation systems, the non-ideal
channel estimation affects both the transmitter side (in the
choice of the opportunistic constellation signaling) and the
receiver side (in diversity combining and bit reconstructing).
To adapt the constellation size to the most updated chan-
nel estimation, tight delay constraints should be met in the
evaluation of the channel state information (CSI) used at
the transmitter side. Hence, for each frame the IV, received
pilot symbols are processed for the channel estimation, which
is sent over an error-free feedback channel. Since the CSI
employed at the receiver side does not have such a tight delay
constraint, a longer interpolation involving a larger set of pilot
symbols can be harnessed at the receiver, leading to a more
reliable CSI than the one at the transmitter side. It follows that
the channel estimate at the transmitter can be less accurate than
that at the receiver (see, e.g., [3]). In the following we assume
non-ideal CSI at the transmitter side and an ideal CSI at the
receiver side. Note that, for the effects of delayed channel
estimates (outdated channels) the reader may refer to, e.g., [3],
[11], here we focus on updated but erroneous CSI feedback.

In addition to the analytical results, evaluated based on the
block fading model discussed above, we also show simulative
results based on both the block fading (to verify the analysis)
and the time-varying models. In particular, to simulate the
time-varying small-scale fading, we assume Rayleigh fading
and the modified Jakes’ model [20], [21].
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III. PERFORMANCE METRICS WITH NON-IDEAL
CHANNEL ESTIMATION

For a given target BEP, typical performance metrics for
adaptive modulation systems are the SE and the BEO. We
evaluate them for multichannel communications with non-
ideal channel estimation. For each possible constellation sig-
naling, the SNR value required to reach the target BEP is
evaluated and compared to the estimated SNR value X (i.e.,
Xeam for FAM and Ysam for SAM). The mean SE and the
BEO for systems affected by channel estimation errors can
be evaluated from the probability density function (PDF) or
the cumulative distribution function (CDF) of X, that we now
evaluate for FAM and SAM systems.

The performance of FAM systems depends on the estimated
instantaneous SNR at the combiner output 4r. For MRD Xpam
is then given by

Ny Ny E
—~ o~ ~ T 2 s
XFAM—VT—I;%—;WH N

Both real and imaginary parts of Ek are zero-mean Gaussian
distributed with variance UE + 062. Therefore, the PDF of the
estimated instantaneous SNR 4, conditioned to the mean SNR
per branch 7, is a chi-square distribution

3)

ghat S
()= —2 exp |- 4
f’YT\’Y(f) VNdUtQNdF(Nd) p|: 7(_)_t2:| )
for £ > 0 and 0 otherwise, where 02 = 1/p? and
(B {nihi } —E{m}E{R1})
p:
N JNI)
\/E{|hk —E{hk}|2}E{‘hk —E{hk}‘ }
E {mh; }
B 2
\/E{|hk|2}E{‘hk‘ }
ol Nye
- 02—&}—102:Nsp—&-l ®
h e p 5

is the envelope of the complex correlation between hj and
hk [13]. In (5), € = E, / E and the second equality follows

from E{h;} = E {E;; — E{ex} = 0. From (4), the
marginal PDF of the estimated instantaneous SNR is derived
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as f5.(&) = [ f3,7(&) fy(w)dw, and the CDF can be easily
obtained. For log- normal shadowing the PDF of the mean
branch SNR is given by

_ (10logy w — pap)?
20§B

fr(w) =

v
— eX 6
V2ToqgWw ©

for w > 0 and 0 otherwise, with » = 10/ 1n 10.
The performance of SAM systems depends on the estimated
mean SNR Ysam = % which is given by?

~ y N E 1
Xsam =7 = E{7k} = 2(03+a£)ﬁz =0ty = Ty )

From (6) and (7), the CDF of the estimated mean SNR results

in
pap — 10log (7 — 52
Fy(z) =Q ( L (8)
OaB
for z > 1/(Nye) and 0 otherwise, where Q(z) = [ et/ 2qt

is the Gaussian-@) function. For simplicity of notation, in the
following we will write Y to represent Ygam Or Xsam for FAM
or SAM systems, respectively.

A. Bit Error Outage

The BEO is an important performance metric for digital
communication systems which is defined as the probability
that the BEP is greater than the target BEP [8], [22]-[24],
that is

Fo(F)

=P{R() > K} ©

The system is in outage when even the constellation size
My, which is the more robust against disturbances, does not
fulfill the BEP requirement or when the increasing of M is
dictated by an erroneous channel estimation. For FAM the
exact instantaneous BEP expression is given by (10), reported
at the bottom of this page [25], [26] whereas for SAM the
exact mean BEP expression is given by (11), reported at the
bottom of this page, where | x| denotes the largest integer less
than or equal to x, and

Ny

1 [T sin’(0)
Ing (%) == /O (0 43I de.
200-1) 1

12)

3Note that 5 = 7 for ideal channel estimation.

log, (VM) (1—27")v/M -1

P(7) = /000 By(v1) frr 5 (§)dE =

V' M log,(

R e

(—1)L %) <2h1 _ V\Q/hﬁl + %J) Q ((2i+1) &%) (10)

log, (VM) (1—2~")v/M—1
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joh—1

(-1

3y

)> frem(§)dE (11)
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In the case of ideal channel estimation, the BEO is given by
Bo(B) = Fy (xo) (13)

where F,(-) is the CDF of yx, being x = 71 for FAM and
x =7 for SAM [5],

In systems with non-ideal CSI at the transmitter, the esti-
mated SNR X can be an underestimate or an overestimate of
the true value. The former case leads to a reduction of the
SE and the BEO, while the latter leads to an increase of the
SE and BEO. In particular, when Y > Y, although the true
SNR would fall within the range for the j-th modulation, the
modulation M;; might be adopted. In this case, the BEP can
be greater than the target BEP and the system is in outage.

Thus, the system is in outage when x < x§ or X > X7
and x < x7 for all i. Therefore, for ¥ = x + Ay, the outage
occurs for x7 —Ax < x < xJ or x < xp and the conditioned
BEO P, A, results to be

E(xt) + 3721 [F() = B = Ax)] - with Ax >0
Fy(x5) otherwise.

(14)

For FAM systems, Ax = A~y is a RV whose PDF fa, (-) is

derived in Appendix and the unconditioned BEO is given by

P, = / Pojay fax (E)dE

For SAM systems, we note from (7) that Ax = 1/(Nye) is
deterministic and

(15)

J

Py =Qlao) + Y [Q (a;) — Q (b))], (16)
j=1
where a; = 1P " T8

0dB
—x% 1
b — tag — 101ogy (Vj - N—ps) .
0dB

In the absence of energy constraint, it is expected that, by
increasing N,¢e, the channel estimation accuracy increases and
the BEO approaches the one for ideal CSI. We compare the
case of non-ideal channel estimation with the ideal one, by
evaluating the penalty on the required median SNR for a given
target BEO and BEP. We recall that adaptive systems with
ideal CSI at the receiver side are in outage when even the most
robust constellation size (i.e., M = Mj) does not meet the
target BEP. In the presence of small- and large-scale fading,
the BEO is a function of the median SNR value puq45. Given
a target BEO PJ, n4s0 denotes the median SNR value which
reach P, = P} when the lowest constellation size is adopted,
that is M = Mj. In the case of non-ideal CSI, the system is
in outage not only when the lowest constellation size does not
meet the target BEP, but also when the SNR in the feedback
is overestimated. In this case, the system might switch to a
modulation level higher than the best one, and the system
might experience a BEP greater than the target one. Here we
take into account both the effects causing the BEO, and we
denote figp o as the median SNR value which reaches the target
BEO for non-ideal channel estimation. Then, the median SNR
penalty for a given BEO is defined as

Apas = Jigs,0 — HaB.o (17)

1507

which represents the increasing in required median SNR for
non-ideal CSI with respect to the case of ideal CSIL

B. Achieved Spectral Efficiency

The available SE is given by log, M ; which would be
reached if channel conditions are such that the system is
always in service with the greatest constellation size. In the
presence of non-ideal channel estimation and outage events,
the ASE (i.e., the SE achieved considering resources dedicated
to channel estimation) might be lower than the available SE
and its characterization is important for system design. The
mean SE [bps/Hz] with ideal channel estimation is given by[5]

J
77:

1

M; [P (1) = Fx ()] + My [1 = B ()]

(18)

.
I
o

where ]\Ajj = logy M;.

In the case of non-ideal channel estimation, the SNR x
is replaced by the estimated one Y. The insertion of pilot
symbols occupies part of the resources that could otherwise
be utilized for data symbols. In each frame of length Ny
symbols, N, pilot symbols and Ng = N, — N, data symbols
are transmitted. By denoting the fraction dedicated to pilots
and data as n, = N, /Ny and ng = Ny /N, respectively, we
define the ASE as

(Niot — Np)
Ntot ’

For MRD the ASE implicitly depends on the number of
branches, N4. By increasing Ny, the BEP is reduced, and the
SNR thresholds decreases, leading in general to a greater SE.
In the case of subset diversity (SSD), where L branches out
of Ny are selected, [ Ng/L] N, pilots should be transmitted to
guarantee N, received symbols per branch [27]-[30], where
[2] denotes the largest integer higher than or equal to x. Then,
the ASE would resultin g o =1 (Nt — [Na/L] Np) /(Niot),
which explicitly depends on L and Njy.

We also define the mean spectral efficiency penalty as the
ratio of the SE evaluated with ideal CSI n9a) and the ASE
evaluated in the non-ideal CSI case na as

na Enne=n (19)

(ideal)
An & n

(20)
A
Obviously, with ideal channel estimation Anp = 1. We recall
that for SAM systems, the coherence time of tracked channel
variation is greater than the one for FAM, and for a given
amount of resources dedicated to the channel estimation, the
portion of data symbols per frame is greater than the one for
FAM, thus nfAM < nSAM_ Conversely, for a given value of n,,
the number of pilot symbols dedicated to channel estimation
is greater for SAM than for FAM.

IV. PERFORMANCE ANALYSIS UNDER CONSTRAINTS

In adaptive modulation systems with non-ideal CSI, the
performance strictly depends on the pilot scheme adopted.
In the following, we analyze the effects of both the imposed
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constraints and the pilot scheme design on the system per-
formance. In both FAM and SAM systems, the following
constraints are imposed over each frame

Np + Ns - Ntot
(2D
NPEP + NSES = Etol .

Then, the energy dedicated to data depends on the adopted
pilot scheme as
E

]]\,\?’[(5—1)4—1

Es = (22)

where E £ Fy /Nior- Note that the increasing of Nye leads to
a better channel estimation and to a lowering of Ej, the two
situations have opposite effects on the system performance.
Consequently, even the exact SNR x is a function of the pilot
scheme. This energy partition problem was investigated in [16]
for cellular systems.

A. FAM Systems

From the above constraints, the SNR xy = ~r can be
expressed as
\hk\z E
= Z
k=1 le( -1+1
_ NL (23)
j (e—1)+1

where vy £ Zgil |hi|>E/No. By substituting (23) in the
BEP expression P,(x) reported in (10), the B, results a
function of two parameters: Npe which characterizes the pilot
scheme design and vp which represents the SNR per generic
(pilot or data) symbol. Thus, through (10) the instantaneous
BEP is

. vt
P, (vr, Npe, M) = B, Y1) with YT=—~""—
( p J) ( ) %(E— 1) 1

for M = M; (24)

Unlike the SNR ~r, the vr does not depend on the pilot
scheme, but only on the mean energy over the frame, the
Ny, and the channel conditions. Therefore, we will compare
systems with different pilot schemes for a given vy. When
constraints are imposed, vt is the SNR variable in the BEP
expression based on which the constellation size is chosen (for
e = 1, then vt — ). It means that the j-th SNR threshold
(M = M;) is defined as

v

such that P, (vf ;, Npe, M) = By . (25)

5J
Due to the imposed constraints, a double effect of the pilot
assisted channel estimation is present: i) parameters [V, and €
affect the data energy, leading to an increase of the thresholds
levels U{ ¥ ii) the accuracy of the estimation in the feedback
channel depends on N, and e. In particular, the feedback
estimated SNR is

Ny

~ ~ L E
UTZZWFE.

k=1

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 10, NO. 5, MAY 2011

where only ﬁk depends on the pilot scheme. When ideal
systems (ideal CSI without constraints) are considered, U
corresponds to 7r.

In FAM systems with energy and symbols constraints, the
BEO can be evaluated from (9) and (14) for ideal and non-
ideal CSI respectively, with x = vr, Xj ’UT , Ax = Avr,
and F, (§) = F,, (¢), being F,, (¢) the CDF of vr. The
ASE can still be evaluated from (18) and (19), with F), (£) =
F5, (¢). The CDF of Ur can be derived from the marginal

PDF of f3(¢) = [ Jor5(¢) fo(w)dw, where the conditional
PDF is
CNdfl
Jorw(€) = mexp { UU?] :

for ¢ > 0, and 0 otherwise.

B. SAM Systems

In SAM systems, the same considerations of the FAM case
hold, but based on quantities averaged over the small-scale
fading. The mean SNR is given by

E{|h[*} E

No {(e—1)+1
= (26)
F(e—1)+1

’y:

where T 2 E{|h|?} E/Ny. In the degenerative case of ¢ = 1,
we have that U corresponds to 7. Through (11), the mean BEP
expression is given by

B, (T, Nye, Mj)

Ay = @)

p —
Niot (e—1)+1

and the j-th SNR threshold (M = M;) is
U} such that B, (U;‘., Npe, Mj) =PByr.
In the case of non-ideal channel estimation, the mean SNR is

1 1—mn,
Niot Npe

AT

bé]E{W}E:m (28)
No

When ideal systems (ideal CSI without constraints) are con-
sidered, U corresponds to 7.

For ideal CSI systems, the BEO is evaluated from (9)
and (13), with x =7, x} = U}, and F\ (§) = F%((), where
F5(¢) is the CDF of ©. For log normal shadowing, Ugp i
Gaussian distributed with mean i/ and variance o35, with
CDF given by*

Y (eI

0dB

(29)

4When ¢ = 1, Mhg = Hag. While for € # 1, the median SNR penalty

D~/ /
becomes Apgp = fLgg g — Hgpp -
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For non-ideal CSI systems, the BEO can be derived from (14)
and (28) as

Py =Q(ao) + Y [Q (a5) = Q (b)],

(30)
Jj=1
/ —%
Mg — Y dB
where a; = ———
OdB
r =% 1 1-n
tgg — 101logyg (Uj o Npe )

;=
0dB

The ASE is evaluated from (18) and (19), with x =, x; =
o5 and Fy (§) = Fi; (z) is given by

1—
tgg — 101logo(z — ﬁ - N;p)
OdB

F{)(l‘) = Q

for x > (1/Nwt) + (1 — np)/Npe and 0 otherwise.

V. NUMERICAL RESULTS

We now present analytical, mainly, and simulative results
in terms of ASE and BEO for both FAM and SAM systems.
The simulative results are intended to verify the analysis
in block fading and compare SAM and FAM also in time-
varying channels. We assume coherent detection of M-QAM
with M € {4,16,64, and 256}, Ng-branch MRD, and Gray
code mapping. Composite Rayleigh fading and log-normal
shadowing channels are considered with both ideal and non-
ideal channel estimation.’ For non-ideal channel estimation,
the ASE is evaluated by (19), with a target BEP of 10~2 and
a maximum BEO of 5% (typical values for uncoded systems).
We denote by K the ratio between the frame lengths with
SAM and FAM (i.e., the ratio of the coherence time, for large-
and small-scale fading), as

NSAM

K — tot
FAM
NtOt

We assume NIPAM = 100 symbols and K = 1000 [31]-
[33] which provide a conservative comparison since for re-
alistic shadowing and fading channels [32], [34]-[37], K can
be greater than 1000 and consequently the gain of SAM
compared to FAM can be even higher than what shown in
the results. We now provide an example. For time-varying
channels, the coherence time of the small-scale fading is
inversely proportional to the maximum Doppler frequency:
at 900 MHz the coherence time is about 72 ms and 4 ms for a
mobile speed of 3 km/h and 50 km/h, respectively. On the other
hand, the coherence time of the shadowing is proportional
to the coherence distance (e.g., 100-200m in a suburban
area and tens of meters in an urban area [38]). Assuming
a coherence distance of 100 m, this results in a coherence
time of about 120 x 10®ms and 7.2 x 103 ms at 3km/h and
50 km/h, respectively. This would lead to K = 1600 = 1800.
Assuming a symbol period of 66us as for universal mobile
telecommunications system (UMTS)[39], NEAM = 60 = 1000
symbols in a coherence time.® In the following figures, we

SWithout loss of generality, we assume a}? =1/2.
SFor time-varying fading, the coherence time of the small-scale fading has
been derived as T, = 9/(167 fp) [37], where fp is the Doppler frequency.

1509

8

= 8

5 ‘R __. FAM,N =2

3 o P

= = __ FAM,N =6

= ma= P
-~ SAM,N =2 B
— SAM,N=6

--- Fixed Mod, M=16
: ---+ Fixed Mod, M=64

----------- . ~"]--- Fixed Mod, M=256

! : O FAM, Simulation

i O SAM, Simulation

i \ : L

20 30 40

Fig. 2. ASE for SAM and FAM systems with non-ideal channel estimation:
Mmax = 256, dual-branch MRD, maximum BEO 5%, Pb* =102, =1,
NEAM =100, K = 1000 , and oqg = 8. Comparison with fixed modulation
systems (M = 16,64 and 256). Both analytical and simulative results are
provided.

first illustrate a comparison between analytical and simulative
results and we consider the block fading channels described
in Section II.

In Fig. 2 the ASE of FAM, SAM, and fixed modulation
systems is reported as a function of the mean SNR with
Ny = 2 branches MRD, My, = 256, € = 1 (i.e., E, = Ej),
and o4 = 8.7 For non-ideal channel estimation, SAM can
outperform FAM, for both N, = 2 and 6, which confirm the
importance of the analysis for design in practical systems.
In particular it can be noticed that the lowest median SNR,
for which the BEO requirement of 5% is satisfied, becomes
advantageous for SAM as the channel estimation accuracy
increases (i.e., IV, increases). Thus, SAM satisfies BEO re-
quirements also in FAM-denied region (i.e., the ugp region
in which FAM systems experience a BEO greater than the
target one). Then, by increasing NN, within the frame, the
crossing point beyond which SAM outperforms FAM is for
lower median SNR. Moreover, it should be noticed that both
FAM and SAM provide a considerable gain in terms of ASE
compared to the fixed modulation schemes. In this figure, both
analytical and simulative results are provided, and their good
match validates the analytical framework.

In Fig. 3, the comparison between FAM and SAM schemes
is shown in terms of both ASE and BEO for ideal and non-
ideal channel estimation. The two systems with dual-branch
MRD are compared for several maximum constellation values
(Mmax = 4,16,64, and 256), pilot schemes (N, = 2,and 6,
and € = 1), and pgg = 20, and 30, with oqg = 8. For ideal
channel estimation, by increasing the Mp.x value, the ASE
increases while the BEO is constant to the value obtained for
M = 4; here, the FAM slightly outperforms SAM in terms
of ASE. Conversely, when non-ideal channel estimation is
considered, the BEO increases accordingly with the maximum
constellation parameter due to the overestimation of the SNR
in the feedback. In particular, the FAM systems have a non

TFor fixed modulation systems, that does not require a feedback, ideal CSI
is assumed.
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Fig. 3. ASE vs. BEO for FAM and SAM systems with Mpyax =
4,16, 64, and 256, dual-branch MRD, ¢ = 1, ogg = 8, pugg = 20, and
30, NFAM = 100, and K = 1000 . Results are evaluated for both ideal and
non-ideal CSI (with Ny = 1,2, and 6).
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Fig. 4. ASE vs. pgg for SAM systems with MRD (Ng = 2 and 4), Mmax =
256, maximum BEO 5%, P = 1072, e =1, og = 8, and N3MM = 200.
Results are evaluated for both ideal and non-ideal channel estimation.

negligible increasing of the BEO value; for example, for
pag = 30 dB, My, = 16, and N, = 6, a FAM system
experiences a BEO of 1072, despite the 3.5x 10~2 experienced
by the SAM system. Also, for pgg = 30 dB, the ASE of SAM
is greater than that of FAM for both N, = 2 and 6.

The ASE as a function of pgg is reported in Fig. 4 for
SAM systems with MRD (/Ng = 2 and 4 branches), My,x =
256, € = 1, ogg = 8, and several values of NN,. Here, we
consider N3AM = 200 symbols, which emphasizes more than
in practice the effect of non-ideal CSI and pilot insertion on the
system performance. The tradeoff between channel estimation
quality and ASE can be observed in the figure; note that for
the considered system, NN, = 2 provides a sufficient quality
estimation, with ASE greater than that for N, = 4 and 6.

The effect of pilot energy (i.e., the effect of ¢) is evaluated
in Fig. 5. In this figure, the median SNR penalty Apgg as
a function of ¢ is reported for SAM systems with dual-
branch MRD receivers, My.x = 256, NS;{*M = 200 symbols,
target BEO of 5% and various N, values. The numerical
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Fig. 5. Apgp vs. € for SAM systems with dual-branch MRD, My = 256,
target BEO 5%, P = 1072, ogg = 8, N, = 1,2, and 6, and NS =
200.

values reported represent the ASE evaluated for ¢ = 0.5
(ie., E, = E/2) and for those values of median SNR
satisfying BEO requirements. Low median SNR penalty leads
to performance close to that of ideal case. In particular,
for each NN, an ¢ value that minimizes the penalty can be
obtained. By increasing ¢ the channel estimation accuracy
increases, while the symbol energy might decrease.

In Fig. 6 we provide the performance of SAM systems for
various Ny values (i.e., several frame lengths). In particu-
lar, we compare the systems performance in terms of ASE
(Fig. 6(a)) and in terms of BEO (Fig. 6(b)) as function of n,
for SAM systems with M,,x = 256, four-branch MRD, ¢ = 1,
pag = 20 and 25, and ogg = 8. Fig. 6(a) shows the ASE vs. n,,
when Ny is equal to 102,103, and 10%. For low n,, the system
with the lowest number of pilot symbols (i.e., the system with
Nyt = 10?) outperforms the others. From (7), it can be noticed
that, the lower is IV, the higher is A%. The overestimation
of the mean SNR can achieve an ASE higher than the ideal
systems, but it leads to an increasing of the BEO, as driven
by (16). This drawback is depicted in Fig. 6(b), where the
BEO as a function of n, is provided. The greater the N,, the
greater the A% and thus the greater is the BEO. For example,
when pgg = 25 and n, = 0.01, the system with N = 107
(and thus N, = 1) achieves a BEO of 2 x 10~2 despite the
5 x 1073 and 3.5 x 1072 experienced by the systems with
Nt = 102 and 104, respectively.

A comparison between FAM and SAM performance in
terms of the ASE penalty in (20) is provided in Fig. 7, for
systems with dual-branch MRD, M.x = 256, target BEO
5%, Py = 1072, ogg = 8, NEMM = 100 and K = 1000.
Remember that the ASE penalty needs to be minimized and,
in particular, An approaches 1 for systems with 7, that tends
to 1% For both FAM and SAM, the penalty increases
accordingly with the number of pilot symbols within each
frame. Also, the penalty on the ASE for SAM is slightly lower
than that of FAM.

The case of time-varying channel is considered in Fig. 8,
where the ASE as a function of the median SNR is provided
for FAM and SAM for dual-branch systems with non-ideal
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100, K = 1000, and

CSI, Mpx = 256, ¢ = 1, N, = 6, and ogg = 8. Time-
varying channels are considered for several coherence times
(v = 3, 50, and 110km/h), and the simulative results are
reported. As observed in the figure, also for time-varying
fading channels, the SAM can outperform the FAM. Moreover,
in the slow fading case, the performance degradation due to
channel estimation errors is reduced, respect to fast fading
channels. For example, at 50 km/h SAM achieves an ASE of
7.5 [b/s/Hz] with pgg = 34, despite the pgg = 38 dB required
by the FAM. In addition to the ASE comparison, the SAM
can outperform FAM in terms of BEO. The region of piqg over
which the SAM experiences an outage probability lower than
or equal to the target BEO (in-service region) is wider than
for FAM. This means that SAM systems are defined also in
FAM-denied regions. Note also that, the higher is the velocity,
the greater is the gap between the FAM and SAM in-service
regions.

From the above results, the system designer can obtain the
minimum value of the median SNR for specified target BEP,

n, [b/s/Hz]
‘
BEO>5%

*—* FAM, 3 km/h
6—o FAM, 50 km/h 4
»—x FAM, 110 km/h
*—* SAM, 3 km/h
6—o SAM, 50 km/h
*—x SAM, 110 km/h

3
20 25 30 35 40 45

Fig. 8. ASE for SAM and FAM in systems with time-varying channel model
with mobility of 3,50, and 110 km/h and with non-ideal channel estimation:
Mmax = 256, dual-branch MRD, maximum BEO 5%, Pb* =10"2,e =1,
K =1000, Np =6 and ogg = 8. Simulative results are given.

BEO, and ASE in various channel conditions and diversity
settings. Since the median SNR is tied to the propagation law
and location of the user, one can design the wireless system
(e.g., cell size, and power levels for cellular systems) that
satisfies the requirements. Moreover, based on the imposed
constraints, it is possible to understand the performance of
both FAM and SAM in terms of ASE and BEO, and select
the adaptive technique which is more suitable to fulfill the
requirements.

VI. CONCLUSIONS

We analyzed fast adaptive modulation (FAM) and slow
adaptive modulation (SAM) systems with multichannel re-
ception and non-ideal channel estimation under energy con-
straints. An appropriate figure of merit for the evaluation of the
achieved SE (ASE) is defined. It takes into account the tradeoff
between channel estimation and data reconstruction for a
given total amount of energy per frame. The mathematical
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framework enables a system designer to evaluate the amount
of energy and resources to be devoted to channel estimation for
given target bit error probability and outage. Numerical results
show that SAM systems, despite the lower feedback rate,
can outperform the FAM systems and operate in FAM-denied
regions. This gives a different prospective for the design of
adaptive communication systems.
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APPENDIX
BiT ERROR OUTAGE IN FAM SYSTEMS

For FAM systems the Ax = A~ is the RV resulting from
the difference of two correlated chi-square distributed RVs

~ Eq
A'—YT = "YT — "YT = Ah—

Ny
where
Ne o
Ab=3" (\W - \th) .
n=1

and p? = o /(0f +02) =7/(F+ (Npe) 1) is the normalized
correlation. As reported in [40], the PDF of Ah can be
expressed as (31) at the bottom of the page, where o} = of,

03 = of + 02, and

911/2
{(U% — 0% + 40%05 (1 — p2)) }
77 =
oias (1 —p?)
2 2
at =4~ 93 — 03

+ "
ool (1—p?)
Thus, the PDF of A~r, conditioned to 7 results

2 2
famm(Q) = fan(©)le=a202/5 % :

(32)
The unconditioned PDF of the mean SNR can be written as

fam(C) = / Fama ()5 () (33)

Knowing the distribution of A~r, the unconditioned BEO for
FAM systems can be evaluated.
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