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Outage Bound for Max-Based Downlink Scheduling
With Imperfect CSIT and Delay Constraint
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Abstract—We consider downlink max-based scheduling in Il. SYSTEM MODEL

which the base station and each user are equipped with a sirgl We consider a discrete-time downlink channel in which
antenna. In each time slot, the base station obtains channghins . .

of all users and selects the user with the largest squared chael POth the base station and each &f mobile users have a
gain. Assuming that channel state information at the transnitter ~ Single antenna. We assume that delay spread of each user's

(CSIT), i.e., squared channel gain, can be inaccurate, we dee fading channel is much smaller than symbol period. Thus,

lower bounds for probability of outage, which occurs when a yser’s signal experiences flat fading. Ugtdenote a complex

required data rate is not satisfied under a delay constraint.The channel gain and;; 2 Ih,;|? denote the channel power for

bounds are tight for Rayleigh fading and show how required rde . J J .

and CSIT error affect outage performance. useryj, wherel < j < K. We assume that the mobile users
are sufficiently far apart thdt;’s are independent and so are

v;'S.

JThe base station is assumed to have either perfect or im-
perfect CSIT of each user. Imperfection might be attributed
either channel estimation in time-division duplex (TDDysy

|. INTRODUCTION tems or channel quantization and feeding back in frequency-
division duplex (FDD) systems. Hence, the channel gain for
MPERFECT channel state information at the transmitteiser; can be modeled as follows
(CSIT) can adversely affect the performance of wireless he—

Lo . i = h; +w; (2)
communication systemsl[1, see the references thereirZ]In [ .
a base station is assumed to only have a noisy estimatewdtere i; is the imperfect gain available at the base station
user’s signal-to-noise ratio (SNR) and thus, selects the ugndw; is the corresponding CSIT error. With max-based user
with the largest estimated SNR to transmit for each time slgelection, the base station schedules usewith the largest
An average throughput with max-based scheduling is thehannel power to transmit in a time slot as follows
determined. I.n [3], the authors co_nS|der prqpomonalrfms - k* = arg max {4, 2 |ﬁj|2}. @)

(PF) scheduling and rate adaptation when imperfect CSIT is 1<<K
assumed, and analyze the outage probability that a requiidce the base station transmits to only one user in each time
data rate is not supported in a single time slot.[In [4], oataglot, there is no interference among users. The achievatse r

probability is derived for various schedulers, assumirag the for the selected user in thgh time slot is given by
transmitter obtains delayed feedback of channel inforomati
" yea T : . r[s] =logy(1 + pI'[s]) 3)

In delay-sensitive applications such as media streaming, .
an outage occurs if required rate for a user is not satisfidferel’(s| =y~ andp is the SNR. _
within a given number of time slots. In this letter, we analyz Ve ls0 assume a delay constraint for which an outage
the outage probability of max-based user scheduling with®§curs if the achievable rate of the user overconsecutive
delay constraint anémperfect CSIT. Our results differ from SIOtS iS less than a ratfl. Given that userk is selected to
those in [5] in which perfect CSIT is assumed, and[ih [3] iff@nsmit over the set of time slot§; C {1,2,..., N}, the
which delay constraint was not imposed. We derive the low8H@g€e probability for usek is given by
bounds on outage probability for flat Rayleigh fading, which 1
are shown to be tight for moderate required rate or when the Prouys, = Pr TN Z r[s]T < R| Sk )
number of users is close to or larger than that of time slots. €Sk

whereT is the duration of a single time slot. Channel gains
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Averaged ovelV possible slots, the outage probability for user To tighten the bound in[(12), we evaluaig ., exactly

k is given by amid increased complexity. Thus, the improved lower bound
N is given by
Pk7 = P , iPI" Sk =1 (6) _
out ; ous Pr{|Si] =} Prout > (1= pi)N + Npp(1 — pp)¥ 1 Pr{r[s] < RN}
where the probability of user scheduled to transmitout of + %N(N — Dpr(1 = pi) V2 P oute
N slots is binomial and is given by[5] N .
N\ ; 1 !
. N\ i et —p)N (P <>RN}) . (16
ps=it= (Y- @ T (V)rica=pr=s(pefre < frn}) o

pr denotes the probability that uséris selected to transmit The bound is tight when the contribution of the last term
in a time slot and is given by, = Pr{4x > W;} where in (18), which is due to the union bound, is not significant. In
W is the maximum of all other channel powers available &her words, that is wheV is not much larger thark’.

the base station. Since channel powers of different users arWhen userk is selected to transmit over 2 slots, we have

independent, a cumulative distribution function (cdf) 1df, 2
can be straightforwardly obtained as follows Py out2 = Zpr{10g2(1 + pl'[si]) < RN} (17)
K i=1
Fw,(z)= ][] Fs@ (8) where the selected slots, sy € Si.. We first consider usek
j=1,j7#k with imperfect CSIT and obtain

whereF; (-) is cdf for 4;. Hence,
v . Piouta = Pr{(1+ pye,s,) (1 + pres) < 27V

P = / FWk (,T)fﬁ/k ((E) dz (9) '?k,sl Z Wk,slaﬁ/k,sz Z Wk,SQ}- (18)
0

: o ; : . Since channel powers in different time slots are independen
where f5, (+) is a probability density function (pdf) fo,. ’
Fa () P y y (pdf) fofi the conditional probability in[(18) becomes
IIl. LowERBOUNDS ONOUTAGE PROBABILITY P 1 Pri(1 ) o RN
If user k is not selected to transmit in any sldg| = 0), Roul2 = 2 O+ P )L+ pYs2) < 277,

Py ougo = 1. For [Si| = 1, we have from[(5), Aess > Wioss s Akss = Wiso b (19)
Proujn = Pr{r[s] <RN}. (10) By conditioning?x,s, = x1 andq s, = x2 and weighting the
For |Sy| > 2, the expression for the outage probability is ndRrobability by the densities ofy. 5, and4s,s,, we can compute

tractable. Thus, we instead derive its lower bound by apglyi the conditional outage probability as follows
the union bound td{5) and obtain

Py oui > (Pr{r[s] < RN/i})" fori>2.  (11)

Substitute [(10),[(A1), and(7) intd](6) to obtain the lower Vo1 = T15 Vhyso = T2}
bound on outage probability as follows - Fw, (21) f5,, (21) dz1 Fi, (22) f5, (22) dz2. (20)

1 o0
Prowp = = // Pr{(1 4 pYk,s,) (1 + pYh,s,) < 27V
k 0

N L e For userk with perfect CSIT, P, o2 Can be similarly
Pran 3 () )1 = p (Privls] < RN/ (12) gerivea ”
i=0

where IV. RAYLEIGH FADING
1

Pr{r[s] < l_RN} = Pr{F[S] < —(2BN/E 1)}. (13)  For Rayleigh fading, the channel gain of usgrh;, is
! P circularly symmetric complex Gaussian (CSCG) with zero
For userk with imperfect CSIT (v # 0), mean and variance}. In TDD systems, we assume that
oRN/i _ 1 oRN/i _ 1 the base station applies linear minimum mean square error
Pr {F[s] < 7} = Pr{yk <—— % 2 Wk} (MMSE) estimation to obtairt; from pilot signal. Sincé:; is
P P (14) CSCG, the estimatg; is also CSCG. It is well known that the
MMSE estimate’; and the erromw; are uncorrelated. Hence,
A = x} Fw, () f5, (x)dz  w; is zero-mean CSCG with variang¢ where0 < £ < o7,
15 while h; is also zero-mean CSCG with variangp= o7 — 7.

(15) For FDD systems, we can presume thatis quantized at
where [I5) is obtained by realizing that, and W, are mobile;j and then, is fed back to the base station. To achieve
independent. For uset with perfect CSIT (v, = 0), the the rate distortion function with Gaussian source, the same
outage probability can be similarly obtained and was alssror model used in channel estimation can be applied in FDD
shown in [5]. systems as well.

1 o 2RN/1'_1
= — Pr{'yk <
Pk Jo
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With the above error models, distributions of the actual ambncentral Chi-squared random variables with noncengrali
imperfect channel power for usgrare exponential as follows parameters\ = %:171 and %xz, respectively. Thus,
SK K

x

FW (x) =1-e i and F%‘ (x) =l-e *7. (21) Pr{(1+p”YK,51)(1+P'YK,S2) < 2RN|'AYK751 =T1,YK,s5 = 172}
The corresponding pdf’s are given by = // frz (213 %xl)fXQ (22; %xg)
| T (14262 21) (14+£€2, 20) <2RN 97 37
o2 &2
Jr; (@) = 552¢ > and fy, (z) = 552¢ 275 (22) ~dzidze  (27)
J J

where the pdf of a noncentral Chi-squared random variable

To determine the outage probability for uskr, we first L is i . ! .
substitute[(2M1) into[{8) and expand the product to obtain fx2 1s given by [3P). Substituté (7) ii{0) to obtain

i

K-1 1 1 o0 oo (28N -1) LZ(
i 5 Z Pt o 1 35% PEL
Fw,(z) =1+ Zl (—1) Z e Tm=1%h, . (23) Pr out2 = g/@ /0 /o /0
1= 2

1<lhi<la <+

oRN
1 ¢2
1+35 8521

<Li<K-1 . fX2 (22; T,TQ) ngfxz (2’1; 5121'1) le
By substitutin and[(22) intd](9) and integrating, we K K
ol))/tain the pro%a[\%ﬁt)y of s[glzéciing usfésf) to transm% ° “Fwie (21) fare (@1) Ay Fwye (22) fyc (22) daa. - (28)
K—1 For userK with perfect CSIT, similar result can be obtained.
pr =1+ Z (_1)i Z % (24) We _note tha_t some numer_ical method is requ_ired _to evaluate
i—1 1<h<h< 14+ 30 % the |_ntegral in the expression @fx o42- To avoid j[hIS com-
<hL<K-1 m=1 7im plexity, the looser bound(12) can be employed instead.
Next we determine conditional outage probability.
Proposition 1: Outage probability for usef’, who is se- V. NUMERICAL RESULTS
lected to transmit in 1 out olV slots, is given by For Fig.[d, there are 12 independent non-identically dis-
tributed users K = 12). Specifically,o—? =0.9+0.15 and
B ! = . €2 = 0.025(j — 1) for 1 < j < 12. Thus, user 1 is the
Preoun =1~ ];e e DK Z (=1) only user with perfect CSIT. We compare the analytical lower
=1 bounds [(IR) and(16) with results obtained via Monte Carlo
simulations. Outage probability is shown to increase wlii t
Z 1 exp d — 20N — 1 _ required rater? as expectedl. We note that the bound (16) with
<] 4 21: 52 256?2 + pe2 exact evaluation okayout‘Ql is tighter than [II_]Z) for a larger
<L<K-1 = O 14+ =K range of R. When rateR is large, both derived bounds are
et (25) not as tight due to the union bound.
The proof is shown in the appendix. If usé&f has perfect N =20; K = 12; SNR = 10 dB
CSIT, we substitute¢? = 0 and 6% = 0% in (25) to o — ‘ OO o
obtain the outage probability. We remark that the compjexit 00| o poner o :
of (28) mainly hinges on the last summation and increase 0.8} T*PRsched ]
rapidly with K. Also, to determinePr{r[s] < 1RN} in the o o7/ L_® toverbound a2
bounds[(IR) and(16), we can directly apdlyl(25) by replacin. 3 ™ y
R with R/i. 305 A
In an ideal scenario where all users except useare in Z 05r 1
similar fading environment and incur similar CSIT errore th S o4l AN -7 i
expression of outage probability given in Proposifibn 1 ban %O al ‘ ‘ ”‘ ‘ |
reduced as follows. 3 &
Corollary 1. With 67 = 62, for Vj # K, the conditional 024 - - - 1
outage probability for useK in (25) is reduced to 0.1l : 1
PN Gvinvion ‘ ‘ ‘ ‘
1 K (—l)j RN _ 1 ° 02 ReqL?i.rtd rate (()B?t/channoéilause) ! 2
Prouwj1 =1 —— Z WGXP T 2p52 | 2
px J=0 1+ J57 1+jii2< + pr Fig. 1. Outage probability with different required rates.

(26)
Next we determiné’x o,5> When userK has imperfect CSIT ~ For max-based scheduling, we see that the outage per-
(&% > 0), which is given by [(2D). First, we consider theformance is worse with CSIT error. However, the outage
conditional probability in the integrand of_(20). Similap t degradation is not significant due to relatively small error
the proof of Propositiofi]l, we can show that ,, given variance. The outage performance also displays staitidase-
Ak,s; = x1 and vk s, given i s, = xo are independent curves. We can attribute each step to the rate range thaircert
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K=12; SNR =10 dB; 0} =1 parts, respectively, ofix. With (@), the channel power for

‘ g=o—0—0—¢ userK is given byvx = |hi|? = (hxr +wi )+ (hxi +
wk.i)? wherewg, and wk; are real and imaginary parts
of wx and are independent Gaussian distributed with zero
mean and variancé¢?.. Conditioned omig, and h;, vi
© N=5 R-08 smulation 1 is a noncentral Chi-squared random variable with 2 degrees

N=5,R = 0.8; lower bound (16) of freedom. Lety? £ 2%~ be a normalized noncentral Chi-

¢ N=10,R =0.4; simulation .2 . .
----- N = 10, R = 0.4; lower bound (16) squared random variable with a noncentrality paramsater

=

o
©

o
©

o
3
:

o

Outage probability
o
(2]

0.5¢ o\‘»/ ) é(h%ﬂ“ + h%{,i) = éx Thus,
0.46?:0‘9 : 1 R N
ey Privk <-2"-1)}jx == (29)
03} Tols. p
'°~Q.‘¢“° [ele} 2
02 ‘ ‘ Rkt I P =1 —/ fr2(z; 7)) dz (30)
"o 0.2 0.4 0.6 0.8 1 g%(21%—1) K
& Kp
1 1 2
—1_ — or. — . [Z(9R _
Fig. 2. Outage probability for user with either perfect openfect CSIT. 1= (fK 2z, 197¢ p(2 1)) ) (31)
where the pdf ofy? is given by
number of transmigsion slots can support. For example, the Fo(z:A) = le_iffo(’ /_)\Z% (32)
lowest rate range is supported when one or more slots are 2
selected and the outage probability is approximately etpualandly(-) denotes the zeroth-order modified Bessel function of
the probability that zero slot is selected. the first kind. The complementary cdf foi? in (30) can be

We also compare the results of max-based scheduling witkpressed as the first-order Marcum Q-function definedlin [6]
simulation results of random and PF scheduling [3]. Randoas shown in[(31).
scheduler performs much worse than max-based one. For PFinally, to obtain [(2b), we substituté_(31). {23), and](22)
scheduling, the user with the largest ratio between thesotrrinto (15), and evaluate the integrals by substituting: /=
rate and cumulative rate from past slots is selected tormmiins and applying the following result, which can be obtainedrfro
The performance of PF scheduler is better than that of md¥s egs. (2) and (36)],
based scheduler for smak. oo Lo s 1 %2

Fig.[2 shows outage probability with variance of CSIT error ye 2PV Qu(ay,b)dy = 72° 2 (33)
£2. We assume that distributions of channel gains of all users bo d tant
are identical, i.e.¢g? = 1,Vk. With total 12 usersK = 12), 7 Wher€a, b, andp are constant.
users have perfect CSIT{ = 0) while the other 5 users have ACKNOWLEDGMENT
imperfect CSIT with the same error variange We note that
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