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Abstract—Adaptive modulation techniques enable wireless sys- are independent random variables (RVs). This leads to the
tems to achieve high spectral efficiency (SE) while maintaing  introduction of a new concept of in-service regions based on

a target quality of service and are rising a great interest 0  giqn51.t9-nojse-plus-interference ratio (SINR) for ay&trBEP
high data rate communications in fading channels. In this . . . .
in a given system configuration.

paper, we analyze slow adaptiveM-ary quadrature amplitude g _ ) )
modulation systems with diversity subject to interference We The remainder of this paper is organized as follows. In
derive the performance in terms of mean SE and bit error outag ~ Section Il, the system model is described and in Section IlI
for systems experiencing co-channel interference with ophum  the BEP expression is obtained for SAM with diversity under
combining. The analysis leads to a new definition of in-serege interference. Then. in Section IV. the performance meties
regions, to be used for the optimum constellation size seléon . ' ' . ’ P -
in place of signal-to-noise ratio thresholds. defined and evaluated in terms of BEO and mean SE. Finally,
numerical results are provided in Section VI, and conclusio
are given in Section V.

Adaptive modulation techniques allow to maximize the Notation throughout the paper, vectors and matrices are
spectral efficiency (SE) in faded channels without comprgndicated by bold; déM] denotes the determinant of the
mising the performance in terms of bit error probability 8E matrix M; the superscript’ indicates the conjugation and

and bit error outage (BEO) (see, e.g., [1]-[3]). Fast adaptitransposition operation, arid; is the N x N identity matrix.
modulation (FAM) techniques [2] track the small-scale fadi

leading to best performance, at the cost of a frequent cthanne
estimation or prediction and feedback. With respect to FaM,
gain in terms of reduced feedback rate and complexity can béWVe assumeM-QAM constellation signaling over com-
achieved by slow adaptive modulation (SAM) techniques [3posite Rayleigh fading and log-normal shadowing, ase
that adapt modulation parameters to the channel variatidmanches multiple channels reception. Independent, iyt
averaged over the small-scale fading (i.e., tracking lks@ge distributed (i.i.d.) fading and same shadowing level ovér a
fading). In [3], it was shown that SAM performance is closeranches (i.e., microdiversity) are considered. The optim
to FAM and achieves a relevant improvement of SE and BE€@mbining technique is employed to process signals over
with respect to non-adaptive modulation schemes. branches [9] as it will be detailed at the end of the section.
For multiuser systems, a possible cause of performaneeparticular, the minimum mean square error (MMSE) and
degradation is the presence of unexpected interferingalgn maximum ratio combining (MRC) techniques are considered
Orthogonal frequency-division multiplexing (OFDM) syste for interfered and uninterfered cases, respectively.
with FAM in the presence of interference were investigated We denote byFEs the mean (averaged over the fading)
in [4], where the performance is quantified in terms of biberr transmitted symbol energy, b = [hy, ko, ..., hy]T the
rate. In [5], [6] the performance of interferel-ary phase channel vector, whose elemerits represent fading gain for
shift keying (M -PSK) systems is derived, while in [7], [8] thethei-th channel and are complex Gaussian RVs \Eiflh} = 0
validity of the Gaussian approximation for the interferene and E{|r|?} = 1 (i.e., h ~ CN(0,1)), and byn(k) the
verified. additive white Gaussian noise (AWGN) with mean zero and
In this paper, we analyze the effects of co-channel interfet {n(k)n(k)”} = NyIy, whereN, is the one-sided thermal
ence on the required signal-to-noise ratio (SNR) threshiald noise power spectral density. The mean SNR per brarich is
slow adaptiveM -ary quadrature amplitude modulatiodt 75 = E{|h|?}Es/N, = Es/N;. We consider a log-normal

QAM) systems employing the optimum combiner (OC) [9] aéhadowing, thugjgs = 101log;,(7) is a Gaussian distributed
the receiver. First, the analysis is performed conditioteed RV with meanyqg and variancerjs.

given level of co-channel interference. Then a more general
case Is 'nveSUgated assum'.ng that, due to .the Shadowm%ince we consider microdiversity, in the following we wilinét the branch
level, both the SNR and the interference-to-noise ratidR{IN subscript in the mean SNR notation.

|. INTRODUCTION

Il. SYSTEM MODEL



Adaptive modulation techniques allow to achieve the beShe components of the received vectdik) are combined
SE accordingly with channel conditions, minimizing the-outthrough the vector of the optimum weigit giving
age probability [3]. In particular, a set of + 1 constellation "
sizes {My, M;,...,M;} can be adopted. For uninterfered r(k) = wa(k).
SAM systems, the optimal constellation size is chosen derthe absence of interference,= h and the OC reduces to
pending on the mean SNR. When, even with the lowesie well known MRC [10], [11].
constellation sizeM,, 7 is not sufficient to guarantee the
target BEP P}, the system is in outage. The constellation
size is chosen comparing tAevalue with thresholds, that are In this section, we derive the BEP faf-QAM systems with
set to guarantee the target BEP when jhih constellation optimum combining at the receiver. In particular, we extend
size is adopted, that i8,(7}) = P;. In particular, when the to M-QAM systems the methodology applied in [5], [6] for
SNR value falls within thej-th region (7%,7%,,], the j-th ~M-PSK signals.
constellation size\/; is adopted. We consider an overloaded systerfi.e., Ny > N) for

In the presence dN. interfering signals, the received signaivhich the SINR at the combiner output can be written as
on the generié-th branch after matched filtering and samplingT = Esh” R™'h. We denote the instantaneous SINR 4y
at the symbol rate is given by (k) = 2P(k)+ =9 (k), with  the instantaneous INR by, and the instantaneous SNR by
k representing the time index, aridhe imaginary unit. Note 7. The matrixR ™' can be written adUA~'U*", whereU
that the superscripts (P) and (Q) stand for the in-phase dfdd unitary matrix with elementfu,...,uy], and A is a
quadrature components, respectively. The signal at theuputdiagonal matrix whose elements on the principal diagoral ar
of the receiving antennasgk) = [z, (k), ..., zy (k)] can be the eigenvalues dR, denoted byA1, ..., Ax. Then the SINR

Ill. BEP EVALUATION

written as [6] is
Hyt A —177H . Es ‘hHul‘
z(k) = /Esh bo(k) + VE Y _hypbin(k) +n(k) (1) 1A N0
n=1 where hf’uy,...,hluy have the same distribution d,

where E; is the mean symbol energy transmitted by eadeing U a unitary transformation, and the eigenvaluestof
interfering signalspo (k) = b (k) + j6Q(k) is the useful have been written in terms of the eigenvaluedof {\;}, as
§igng| sample, anth ,,(k) = bl(ri(lc) +jb|(7n)(k:) is the interfer- N = E 4+ No. i=1,2. . N.

ing signal sample from the-th interferer. We assume a slow
frequency flat Rayleigh distributed fading. The vecthrand Since H, is a matrix whose elements are complex Gaussian
hy ,, with n = 1,2,..., N; have distributionrCA/(0,1y), and distributed CA'(0,1), then the matrixv = H H = R,

we denote byH, = {hyj};—=1, .~ the interference channelis a central Wishart matrix [12], with eigenvalues having
matrix, whereN; is the number of interfering signals. Notedistribution given by

that b1(k),...,bn (k) are independent zero-mean complex o
Gaussian RVs, each with unitary variance [7]. (1. wN) H : H
As far as the optimum combining technique is concerned, Y — )N —i)!
we recall that the optimum weight vector to combine signals %)
over branches and maximize the SINR is given by Starting from the exact instantaneous BEP [3], [13] the mean
BEP for M-QAM systems can be derived averaging over the
w=aR"'h (2) SINR:

whereq is an arbitrary constant arld the covariance matrix B, (77) = /P(ehT)waT (&)d¢

iven b
g Y log, (VM) (1-27")v/M~1

ST N
noh—1
" X <2h1 — { 2_M + %J) Gn(77) (6)

VE Z hy o bin (k) + n(k)
n=1

where the last equality is due to the use of the Craig’s foamul
of the Gaussiaif) function [11], .., {jv} £ E{e/*"7} is the

N
—F Zhl,jhqu NIy 3) characteristic function (c.f.) ofr, 7 is the mean SINR, and
j=1 1 [7/? 3(2n+1)
—_—— () = = v, d———=" " 7 _ Lgp
R; Glm) = 2 /0 o { 2(M — 1)sin29}

Where the last equahty_hOIds because the desweq S|grml, thzIn this paper, for sake of brevity, we consider the overldadase only,
interference and the noise are assumed mutually independeu the analysis can be extended to the underloaded case.



By using the chain rule of conditional expectation, we abtaihe total amount of interference as SIREs/ (N E)) = 7/7,.°
L o . For a given SIR value, the SNR threshokis are evaluated
= _/ / / NN {_ .Mé" }f}\(x)dedx from (9) as the value such thaftb‘S.R(ﬁ;) = Pr. We recall
TJo 0 sin” ¢ ) that the interference affects the system, leading to a wBEse
performance. It follows that a SNR thresholds shifting ascu
that is Ajas = 7 45 (Ti,08) — 7j.ae = 0, where¥ 4g (7, 4s)
is the required SNR value to reach the target BEP when the

2
wherecys,, = 32((2]\}*_11) . Details on the evaluation of (7) are

provided in the Appendix, from whiclg, (~r) results to be

given by mean INR equalg) 45, While 7} 45 is the required SNR in the
Calyr) = 1 1 absence of interference.
WHZ LN = D)(Ny —4)! An important figure of merit that can be evaluated con-
7/2 ditioned to the SIR value is theit error outage i.e., the
X / det({b(”ﬂ'*N'*N)eb(i +j+ N, —N)! probability that the BEP is greater than the target BEP,
0
x b1+ (G+j+N —N)(=1—i—j— N +N,b) Posr(Fy) =P{P7) > K} . (12)

+ al'(—(i+j+ N — N),b)]}i7j:07.__7N_1) do. (8) The adaptive system is in outage when even the more robust

modulation schemel(,) does not satisfy the target BEP, thus
Substituting (8) in (6), the mean BEP expression becomes

(9) reported at the bottom of the page, whep&") = Posir(Py) = F5 () = Fy,, (as,0) (13)

{Gz+g+N| N Jij=0,...N-1 IS an Hankel matrix with elements\yhere %, () is the CDF of the mean SNR expressed as
given by (10) and withy; = (N;E;)/Ny denoting the mean

INR. In the absence of interference, the SNR at the combiner Fy () =Q <“dB - 5) (14)
output~y results odB
a 5 Fs Another important measure of the QoS is timean spectral
7= IS (11) efficiency[bps/Hz] which is defined as

In this case, forM-QAM systems with ideal channel esti- ZM ]P{
mates, no interference, and MRC at the receiver, the meah® %
BEP is derived from (6), with c.f¥,(jv) = (1 — jv7)"~ N

and is given in [14] = Z Ny [Fe(3i) — Fy(3)] + My [1— Fy(33)]
IV. METRICS FORSAM SYSTEMS

We now evaluate the performance of both interfered and
uninterfered systems in terms of SE and BEO. As alreadyhere M; = log, M.
observed, in order to select the optimal constellation, sinel We now consider the case where the shadowing levels on
in order to properly evaluate the mean SE and BEO, the knowhe useful and the interfering signals are assumed independ
edge of the SINR thresholds is required. Note that, from (9hen, the BEP expression is a function of two RVs, the INR
the BEP for interfered systems is a function of both the SN&hd the SNR(%,,7). Hence, the SINR in-service region for
and INR, thus of the SINR. In addition, since also the interfewhich the target BEP for a given system configuration is
ence signal is affected by the shadowifg,is a RV that we ,

- i ~ 2 Conditioning the system to the SIR value implies that, faittfer eval-
model an.a log nlormal r?v’ thfat .08 N(Mé‘.d.B’ Ud'é) [15], uation analysis (i.e., BEO or SE), the interference shadgvievel follows
[16]. We irst evaluate the performance conditioned to aYiVehe yseful signal shadowmg level. It means tht, rather than being a RV
level of signal-to-interference ratio (SIR), that is definen independent fron¥, is a function of they. In particular,y, = 7/SIR.

<7< ﬁj+1} + M, P{y7 <7}

(15)

log, (VM) (1—27")vVM -1

3 L 2 n2h*l
R . i DD Y e
e 82001 . T
x (2" — + =) {7 [V =) vy — i) / det G*™(6,7,7%,)d0 9
< L - 2J) [T —orvi—an| - [ 6.7.7) ©)
_ k
n _ N v N C]WnNI'V N
05— (2T ) (22 9,
e 07 (sin29 5 w) TP GiTen, 7
WN7T N taNY N\ N a0y N
x KL’Q S —') (1+ k)T (—1 kT —') —T (—’fcMzil7 + %)} (10
sin“ 0 7, ol sin” 0 7, Y/ W sin” @ 7, Y



Since the SNR and INR are log-normal RVs, the joint cumu-
lative distribution function (CDF) can be expressed as

| F(Wl,dB-ﬁdB) (DJ) =P {(7|,dB7 WdB) c D_]}
oo r¥5ae(Viae)
] - /_ /_ fﬁds(g)fﬁmm (§|)d§d§|

| R HdB — ¥} as
-5/ 0 ( P )
| & — NI,dB)Q}
0, OUTAGE _ &~ HidB)”
X exp [ Torm d§, . (18)

i 1 wheref;, . (-) and f5(-) are the probability density functions
O 0 1o 2w @ s e (PDFs) of the INR and SNR, respectively.

Yo For what concerns the mean SE, it is given by (19) at the
bottom of the page. In the absence of interference, the in-
Figure 1. In-service and outage regions fa-QAM systems. service regions becomes the set of SNR values suchythat

7;, that is £; reduces toy;, and_FWIYdB_ﬁdB)(Dj) merges to
Fy,.(7e) = P{74s <7ag}. In this case, the BEO and SE

satisfied is related to the required coup(gs,7¥) as depicted can be obtained from (13) and (15), where the threshgigs
in Fig. 1, where the behavior of the SINR in-service regior‘g‘re substituted by the ideal ongs.

is reported ford/-QAM systems. In the figure, the in-service In both the cases (ideal or interfered systems), the asalysi

re_gion. for the .gene.rig'-th constglla_tio_n size (when a givenof the performance in terms of BEO and SE needs the inverse
diversity technique is adopted) is limited by the locus af thBEP expression which requires, in general, numerical root
couples ,¥) for which 1, = B, when theM; modulation o vioo i, and¥ ’ ’

| .

is adopted, and it is denoted by
L; = {77 st P=P with M =M} . V. NUMERICAL RESULTS

We now present numerical results in terms of mean SE
and BEO for SAM systems in the presence of co-channel
interference. Coherent detection 6f-QAM with optimum
combining and Gray code mapping in composite Rayleigh
fading and log-normal shadowing channels with ideal chbnne
estimations is considered. First, results conditioned govan
value of SIR are provided, then unconditioned results are
D; ={(®,¥) st B> P with M = M} reported showing the SINR in-service region and the per-

—{(7.9) st 7 <7 or 7<) (16) formance for SAM systems. As far as the conditioned case
T _ . _ . is concerned, the SNR thresholds are evaluated as the SNR
= {(’Yl,dBa’VdB) St Yige < Vg OF Vag < st} : values that achieve a target BEPRf= 102 (that is a typical
Note that, due to the decrease of the interference signaépowalue for uncoded systems) for different constellatioresiz
the locus of(7;,7*) experiences a floor behavior for low INRWith @ maximum BEO of%. The BEP expression employed
values. In particular, the lines merge to the SNR threshd®l (9), while the BEO and mean SE are (13) and (15),
value5* of the uninterfered system. respectively.

In the considered system, when the coupigs, 7qg) falls In Fig. 2, the BEP as a function of the mean SNR for a fixed
within the region(D; 1 ND;), the j-th modulation is adopted. 64-QAM system is reported for different numbers of divarsit
When (3,48, 74s) € Do, the target BEP can not be reache#iranches, interfering signals, and SIR values. As expetted
and the system is in outage. Thus, the BEO can be definedcagves show a floor for increasing mean SNR (interference-

limited systems). The lower is the SIR, the higher is the

For each valué¥,,7) above this line the system is in-service
while for each(%,,7) below it the system is in outage. We
denote byD; the outage region when th&; modulation is
adopted, and by, = R, — D; the complementary region of
D;, that is the in-service region for theth constellation size.
In particular, the outage region can be expressed as

Po=P{ (148 Tae) € Do} = F508.760) (Do) - (17)  BEP floor value. Moreover, some system configurations (i.e.,
J—1 ~ B
n= M; P{(7,48:Vas) € (Pj+1 ND;)} + My P{(4g>Vas) € D}
j=0
J—1 N B
= ]\/j {F(?,dsﬁds) (D.7+1) - F(7|,ds=7ds) (DJ)} + M [1 - F(7|,dB=7dB) (DJ)] (19)
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_Figure 2. BEP VSY4B for 64-QAM systems. The BEP, conditioned to SIF Figure 4. Mean Spectra' efﬁciency VBdB SAM systems WithMmax = 64
is evaluated for severaV and N, values. and256, N = 1 and4, N; = 5, BEO < 5%, B} = 1072, andogg = 8.

R I R o in-service regions are reported in Fig. 1 for systems with

M € {4,16,64,256}, Py = 1072, ogs = 8, N = 2, and
N, = 5.

The mean SE vsugg can be observed in Fig. 4 for SAM
systems withV/ . = 64 and256, N = 1, N, = 5, and several

Lo b

¥ * S E ias values (uqg = —10,—5,0,5). Note that, by decreasing
2E & E the interference level (i.e., by lowerirng), the SE merges to
S B = SiR=1508, N4 the one obtained from the uninterfered system. Moreover, th
E o 2:525232; N higher the diversity order (i.ely) the lower is the gap between
E — No Interf., N=2 |1 the g8 = —10 dB curve and the ideal one. In fact, for the
M3 ot Sinzodn. Nod] system withN = 4, the in-service regions achieve the floor
g ARGt for values ofy gg lower than the system without diversity.
yp e e b Lo b T D From the above results, given a diversity technique, a
Has constellation size set, and the amount of interference, the

. L .. system designer can obtain the minimum valueugg for

Figure 3. Mean SE (conditioned to SIR) vsgg for SAM systems with . . .

Mmax = 256, BEO < 5%, P} = 102, ogg = 8, Ni = 6, and N = specified target BEP, BEO, and SE. Since the aciuglis

2, and4. tied to the propagation law and location of the user, one can
design the wireless system (e.g., cell size, and powerdevel
for cellular systems) that fulfills the given requirements.

some N, or N values) might not overcome the presence of

interference, and the system experiences BEP greaterfiban t V1. CONCLUSION

target BEP10~2. It follows that the system might not switch . _ .
In this paper, slow adaptivd/-ary quadrature amplitude

to that constellation size, even with high SNR. ; ) . . . o
This behavior can be translated in terms of mean SE, amdulat_lon systems with optimum .comblmng diversity in
observed in Fig. 3. Here, the mean SE as a function E??mposne small- and Iarge—_scale fading have been anaigzed
! the presence of co-channel interference. In order to utatets
ﬁhe sensitivity to system parameters, channel conditiand,
amount of interference, we investigated the signal-tseoi
lus-interference ratio in-service regions and the pertorce
terms of bit error outage and mean spectral efficiency. The
framework enables the derivation of performance metrics fo
several systems configurations, providing a useful tool for
é/g'reless systems design given specified requirements.

diversity orders N, and different SNRs. The system ca
switch the constellation sizé/ in {4,16,64,256} and the
expected maximum SE is 8 bps/Hz. It is worthwhile notin
the extremely low performance of the system whE€n= 2
and SIR= 15dB. In this case,M = 4,16 are actually the
only values that satisfy the target BEP «&f 2. By increasing
the SIR value or the diversity of the system, the mean
increases, reaching values close to the SE of the uningerfer
system.

We now provide results for the unconditioned case. In This research was supported, in part, by the FP7 European
particular, the BEP is given by (9), the BEO and meaproject OPTIMIX (Grant Agreement 214625) and Network of
SE are expressed in (17) and (19), respectively. The SINEXcellence in Wireless Communications NEWCom++,
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APPENDIX
EVALUATION OF ¢, (1)

Since the vectofh”uy, ..., hfuy] is Gaussian with i.i.d.

elements, the conditional characteristic functiomas given
by
N B —1
. . S

Vora (i) = 11;[1 <1 - JVm> (20)

Substituting (20) in (7), we obtain
1 1

TN T (N = i) (N = )

X/OF/Q/OOO.../OOO|V1(X)|2
N

2
X H sin” 0 efmi:civ'_N (22)

2 Es
=1 S 0+ CM,n Eyz;+No

Cn ('VT) =

where V1 (x) is the Vandermonde matrix an;(x)|*> =
[1:%,(z: — 2;)*. Recalling the Lemma 1 in [17]

K

/ / 1@ ()@ (x)| [] ) . de
0 0 k=1
= Kldet {/ @l(x)\llj(x)ﬁ(x)d:v} (22)
0 kj=1,..K
considering ¥ (x)| = |®(x)| = |V1(x)|, K = N and
sin? 6 e Ni—
5(:10 = T 2 b € leZNI N
Sin 9 + CM’"W
we obtain
1 1
Cn(’VT) =

TILY L (N — i)y — ).

/2 o
></ det({/ e TN N+j+i=2
0 0

Ep
B )y 9. (23
x <CM’ E|xi+No> x}i,j—l,...,N )

We apply the following identity
/ e~ogn i Lo =
= b e n![b(1 4+ n)T(=1 —n,b) +al'(—n,b)] (24)

that is valid forn > —1 andargb # w, where
~ No N
By
Eb Ejcun N N7 cun
~— T, =0t —=— =
Ny E) sin® 0 Y1 Y sin 0
n=N-N+i+j—2.

b=

(1]
(2]

(3]

(4]

(5]

(6]

(7]

(8]

El

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

Then, the expression in (23) results in (8) reported in Sec-

tion Ill.
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