Transmission Capacity of Wireless Ad Hoc

Networks: Successive Interference Cancellation vs.

Joint Detection

Joseph Blomer
University of Minnesota
Minneapolis, MN, USA 55455
Email: bl one015@m. edu

Abstract—The performance benefits of two interference can-
cellation methods, successive interference cancellatig¢SIC) and
joint detection (JD), in wireless ad hoc networks are compazd
within the transmission capacity framework. SIC involves sic-
cessively decoding and subtracting out strong interferingsignals
until the desired signal can be decoded, while higher-comekity
JD refers to simultaneously decoding the desired signal anthe
signals of a few strong interferers. Tools from stochastic gometry
are used to develop bounds on the outage probability as a fution
of the spatial density of interferers. These bounds show thaSIC
performs nearly as well as JD when the signal-to-interferene
ratio (SIR) threshold is less than one, but that SIC is esseiglly
useless for SIR thresholds larger than one whereas JD proves
a significant outage benefit regardless of the SIR threshold.

|I. INTRODUCTION

Multi-user interference is perhaps the most serious imped-
iment to successful communication in ad hoc networks.
no interference mitigation is performed, communicaticai$ f
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within the TC framework. In that work no specific cancellatio
technique is considered, but rather the simplifying asgionp

is made that all interferers within a specific radius of the
receiver are cancellable. Although this allows for traitab
ity, this simplifying model does not necessarily match the
performance of actual IC methods. In this work, we study
the precise conditions for two cancellation methods, SI€ an
JD, and develop outage probability lower bounds (i.e., ss&c
probability upper bounds) that allow for quantification bét
benefit of the two techniques. We study the following two
cancellation methods:

« Successive Interference CancellatioiSIC) decodes the
signals from the strongest interferers and subtracts the re
encoded signal, effectively increasing SIR. This is iteey
repeated for up to the the firgt interferers, yielding a
process calledk-SIC. The successes of these steps are
contingent on the information transmitted between users

If

whenever an interfering transmitter is too close to a regeiv being sent at a rate within single-user channel capaciy,
who is attempting to decode a different transmission. As theSIR >3 T

density of simulta_neous trar_lsmissions increases, it besom_ 00t Detection (JD) uses a hybrid of SIC (superposi-
more and more likely that interference prevents successfultion coding) and rate-splitting or time-sharing codingfd]

transmissions.

One possible remedy is to decode and cancel out the

signals of sufficiently strong interferers, thereby redgcihe
effective interference level when trying to decode theridexd

achieve all rateg Ry, ..., Rx) within the k 4+ 1-user MAC
capacity regionCyac. The IC group sizek (number of
interferers being jointly decoded with the intended traissm

sion) may be increased successively, resulting in the geoce

signal. In this work, we quantify the benefit of two different . ;a4%-3D.

interference cancellation methods, successive interéerean-
cellation (SIC) and joint detection (JD), in the transnossi

By considering just the dominant (nearest) interferers and

capacity (TC) framework [1]. In the TC framework, a Tx-Using some simplifie_(_zl necessary conditionsfpr successedlo
RX pair separated byl meters is surrounded by a Poissoform outage probability lower bognds are de;nved. Thesearow
field of interferers with spatial density interferers/d. A bounds are then compared to yield a few interesting results:
communication is successful if the signal-to-interfeeratio « When the threshold SIR3] is less than unity § < 1),
(SIR) is above a pre-defined threshgldThe relevant metric  the outage bounds for SIC and JD are comparable to
is the success probability of communications, and this tiyan  unconditional SIC (described later, the best imaginable IC
is clearly a decreasing function of the interferer density scheme). That is, these realizable IC methods are very

Efficient interference cancellation methods are expeated t effective and almost always allow the firat interferers
increase the communication success probability (for fixedto be effectively cancelled, making ti{é + 1) interferer
density A), and the objective of this paper is to quantify this dominant. The outage probability fa-SIC and k-JD in
increase for SIC and JC. This work is strongly motivated these cases ¥, = O(M\**1). Another way to consider
by [2], where interference cancellation was first invesda  this is that forg < 1 if interferers arestrong enough to



cause an outage, then they are almost alwayable to be Similarly, define the success evefit for the k" step of SIC

cancelled through these methods. as:
« Wheng > 1, the outage probability for SIC is only margin- N
ably better than without any IC methodBSIC = O(\). _ X d—°
However, in this regime, JD stilberforms well especially B : Ol d= + Iy Zp|n Tjiq =p). @
in sparse networksPsh = O(AkF1). -
Il. PRELIMINARIES Thus the overall success bfSIC is the success of any of the

stepsl, ..., k:
A. Network Model PSL - f
We consider an infinite field of transmitters distributed PESIC — U E;. (5)

according to a homogeneous 2-D Poisson Point process with =0
density A m—2. Each transmitter is associated with a receiver ) ) .
Iso considered is Unconditional SIC, a.k.a. “For-Free” or

that is located a fixed distaneEmeters away (the receiver ou .
are not a part of the PPP). Due to basic properties of the PPB;1C, for which interferers are considered to be cancelled
Lat-will.” Note that FF-IC is the best imaginable IC scheme

we may condition on a single receiver being located at the™*"™" . . L
origin, denoted RXO, with its transmitter TXO being locate@Ut iS impossible to actually implement, so it will be useful
at a distancel. From the perspective of RX0, the locationd®" Comparison only. The success of this algorithm is:

of the interferers (TX1, TX2, ..) form a PPP with intensity d—o

A (by Slivnyaks Theorem [5], the distribution of TX1, TX2,.. Pii = (1— > ﬁ) : (6)
is unaffected by conditioning on the location of the intethde h

transmitter TXO0). C. Success conditions for JD

The interferers are ordered by their distance to the origin
(RX0), with distances denoteli;, X5, ... . A useful property
for this work is the fact that the square distancés X3, ...
form a 1-D PPP with intensityrA [3]. The distance to the
intended transmitter is denote, = d.

We consider a path-loss only model with exponent 2
(i.e., no fading). If we denote the signal transmitted by TX
by w;, the received signal at RX 0 is given by:

The success of joint detection is determined by considering
the multiple-access capacity region from thaeearest interfer-
ers and the desired transmitter to the reference receiviée wh
treating the signals from interfereks+ 1 onwards as noise
(i.e. the thermal noise is effectivell ;). Because all nodes
transmit at rateR, the relevant capcity region is given by [4]:

CMAC = {(Ro, ..,Rk) . RO = Rl = ... = Rk = R,

2jes X

Iiq

o0
Yo =d “ug + ZXZ_auZ
i=1 |S] - R <log, <1+ )VSC{O,I,...,/{}},
To focus on the effect of multi-user interference, thernaise
is ignored.

We assume that all users transmit at rate equaRte-
log,(1 + B). If no interference cancellation is performed,
communication is successful if and only if the received Sl
,;f;;,a is larger thans. With SIC and JD, however, the
conditions for successful communication are relaxed aed ar 1. OUTAGE LOWER BOUNDS
described as follows.

and success occurs if the vectdty, ..., R;) = (R, .., R) falls
inside of this region. Note that the conditions f661C success

an be interpreted as requiriri@, ..., R) to fall in a region
strictly smaller tharCyac.

A NolC

Note from [1] that the closest interferer dominates the
outage probability which allows the outage probability ® b
o0 bounded as follows:

=Y X;° (1) Lemma 3.1: The outage probability with no IC methods is
=k lower bounded ag’)\3'® > P2 where
The successful transmission event without any IC methods ca )
be written as pNolc g emAmdpa

d—« out,LB
Ey : (1—1 > ﬁ) : (2 = Ard?B% + O(\?). 7

The first step oft = 1 SIC is successful if the first interferer  Therefore, by taking the inverse of this function, the
is decodable and subsequently the intended transmittercétention density for a desired outage probability is uppe
decodable: bounded as:

X ao O < Aup(0) = —7.
E - (ﬁ > ﬁ) n (1—2 > ﬁ) . @3) A < Auele) = 2 (8)

B. Success conditions for SIC

We definel, as the sum of the interference from EX
onward:



B. Unconditional SIC (FF-1C)

We make the following conclusion about the outage proba-
bility:

Lemma 3.2: The outage probability fork-level uncondi-
tional “for-free” SIC is lower bounded asPkfF(\) >
Py s(N), where

k
1 2.\ —rd? 2
R = 1o (X oty )

n=0

uncancellable area

(/\Wd25§ )(k+1) k2 Fig. 1. Uncancellable region for SIC in terms of distance?®& 0. Interferers
— T T O(N\2). (9) in this region have a large likelihood of being undecodalie ancancellable.
(k + 1)- Note the difference between the bounds is the change in $ie@xponent

The proof is accomplished by making similar reasoning as tRg?- Thus, this region disappears when< 1.
no-IC case. A sufficient condition for outage is when the-
1)st interferer is too near relative to the intended transmitter

i.e. X1 < d28% where Xy, ~ Chi-Square withe(k + 1) Poile“(N) = 1= PECSE (N
degrees of freedom. This gives the TC [1] upper bound - 11— (d25% Py 1)87)\7rd2ﬁ% (12)
o) = ) =(1- 0 A6, _ QmdB)? s (13)
"e(k + 1)! B 2!
ARG = kL (10)
md* (3 Due to the convex increasing nature of the outage probwbilit
C. Successive Interference Cancellation with respect to\, wheng < 1:
1) SCk=1: )2y
Lemma 3.3: Fork = 1 SIC, the outage probability is lower PrELSCh) > (Ard= =)
bounded asPli! S'€(\) > PEilS'C()), where outLs = 21
PRV Case 2When 3 > 1:
2
1— (282 m + 1)e 8% if g <1 - _
- { E o >§ et oD PR < PR
1—(d*B=a A+ 1)e ™ P> if 3> 1.
PEZLSC(N) = / fxz x2 (22, 2) da? da?
Proof: Define the set of square interferer distances which succ Us () sy g (o, 72) drz o)
satisfy the conditions of success in terms of only the first B {(d%%z)\ )+ 1} And2pE
2 interferers as/;. It is clear this already provides an upper o T €
bound on outage probability as the number of interferingsise
is reduced. )
Now define the sef; for which (2%,23) € I, = (22,23) € PECISCN) = 1- (d2g%2 A\t + 1)6—/\7rd263 (14)
Ji1. The conditions on sef; are relaxed from those of the B 2 o2 -2 9
conditions of set/; but as we will see, allow a closed form. = Ard (B = 57) + 0\ (15)
B<1: 1MV = {2 22):22>dB%,22 <d?Ba} Since the lower bound on outage probability is convex inerea
A{(22,22) : 22 > a2, a2 > d%é} ing in A\, we may lower bound it by its dominant term.
12/« +#2 — #1y¥] —
- 2 =2
B>1: 12(1) _ {(xf,xg) : x% > dQﬂ%,x% < dQﬂ%} PécuT,I}BSIC(/\) > )\Wdz(ﬂa —pB=)
N{(a3},23) : 2} > 23,2} > 4?67} By combining egns. (12) and (14) note that we have yielded

Note that conditions foiél) indicate a region of uncancella—the res_ult. , -
bility when 8 > 1, illustrated in Fig. 1. Solving the dominant term bound for small outage proba-

We write the following bounds for the success and outa&gity e allows the upperbound function on contention density
probability: and TC fork =1 SIC:

Case 1Wheng < 1:

SIC SIC SIC
< cigle) = (1 =€) - Ajg(e)
Phae S°0N) < PERiSEN

Psfcu?cl,usllac()\) = //l(” fxf,xg (27, 23) a3 da} = Slc(e) 7 m if 3>1
; ve V2 if 3<1.

2
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2) SIC k£ > 2: By again considering the strongest+ ]
1 interferers and itemizing conditions for their success ankhis outage probability is lower (better) than that of SIC fo

integrating PDF’s , we obtain the following theorem. B > 1 and is on the order of FF-IC. The implication being
Theorem 3.4: For k > 2 SIC, the outage probability is that the main limitation of SIC is the uncancellable annulus
lower bounded a$’s2'“(\) > PESIS(N), where 2) JD k > 2: By using the observation that for JD most
& SIC outages are caused by a “near-field event” from(the- 1)**
Pous(A) (16) interferer (i.e. that interferer is capable of causing gata
1= (Zﬁ 0 mi(AT md® 3% ) ) e—kﬂdzﬁ% if <1 itself), we derive a lower bound on the outage probability as
= s ardig? ) we did in the FF-IC case.
L— (3% Mr + 1)e if 5> 1. Theorem 3.6: The outage probability fok-JD is bounded

As a result of this theorem, taking a Taylor's series expa@S Faui () = Pgii7s()), where

sion about small contention density, and inverting resints

k
: . : 1 e R
the contention density upper bound: chmJE?_B(/\) - 11— <Z E(/\wdwi) ) o Amd*B
(Hl{/(k‘*‘—l)!f . n=0 "
— VI it g<t 2 42 (1)
ASCe) = nd?32 _ (17) _ (md®p=) +O(FF2), 22)
TYPe S N if 5> 1. (k+1)!
D. Joint Detection As a consequence,
1) JD k = 1: Consider the joint decoding of the intended 43D (/\wdQﬁﬁ)(’”l)
transmitter and the strongest interferer. We show the lower Foii, (A = W (23)
bounds are on the order of the FF-IC bounds. el TS
Lemma 3.5: The outage probability fok = 1 Joint Detec- M3P(e) # (24)
tion is lower bounded a®;' °(\) > P21 2(X), where md? 3
k=1 3D 5 srd?52 IV. NUMERICAL RESULTS
PoutlLB()\) = 1- ()‘TrdQBE + 1)67 rape

1 ) To simulate the network, a Matlab program was used which
= E(Awd%E)Q +0(\?). realized a subset of a 1-D PPP, which corresponds to a subset
7 o of a 2-D PPP as noted in the Preliminaries. The square
Proof: The condition on success of the = 1 joint  istances to the closed0 interferers are realized. Then,
detection procedure is: using channel properties indicated in figures, SIR and oblann
((Ro) = (R) € Cuac)U((Ro, R1) = (R, R) € Cuac). (18) capacity are calcula_tec_i and compared to determine success
or outage of transmission over several thousand iterations
DefineJ; as the set of interferer distances satisfying the abowegalize a stable probability approximation.
conditions in terms of only the first two interferers. We now Figures 2 and 3 show output plots of outage probability
define the sef; which is superset off;, J; C I. It will be  against contention density for two different values of siald
shown that/; is also a reasonable approximation far. SIR 3 less than and greater than unity. Also included are the

2 2\, 9 2,2 o 2,2 o 9 derived lower bounds which are shown with a dashed line
Lo = A(,3) 0y > d°6e ,le < A7,y 2 2y 2 0} and markers which correspond to their respective IC methods
N{(af,23) : 2] > d*Ba a3 > 2] > 0} Note that while the SIC bound changes agaihghe JD lower
bound is always the same as the FF bound. These plots support
PEZIOON) < PRIV earlier conclusions that SIC and JD have substantial benefit
k=1 D on the order of unconditional SIC when threshold SIR is less
Piweeyp(N) = / , fxz xz (,23) do} da? than unity. However, SIC performs only marginally bettearth
! without any IC whens > 1, but JD still performs very well.
= (d?B%m +1)e > pe Figure 4 shows the output plot of simulations of Outage
probability vs. s which illustrates the discontinuity in the
PESLRON) = 1-PECLIR (N outage behavior of SIC above and belgv= 1. This also

2
o (d%a)\w n 1)6_/\“25@ (19) Zne/vglsu'gljcc;%e bounds are good approximations for SIC across
= l()\mﬁg%)? +0(\3) (20) Figure 5 illustrates the behavior of the IC methods JD and
2! SIC against group sizé. Note that as group size increases
Since the outage probability is convex increasing, the damti peyond about 3, the outage probabilities for JD and SIC
term in the Taylor series will be a lower bound itself. achieve a smaller gain for each consecutive increasenhile
1 3D 0 2.5 the toy FF-IC outage can be arbitrarily small. This behavior
Pourrs (V) 2 5;(And5) (21) is not captured in the derived lower bounds.



Outage Probability
=
o
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k=1FF, SIC, JD

Contention Density

Fig. 2. Simulated Outage Probability vs. Contention Degnéi) for JD, SIC

k =1,2 (8 = 0.5). Dashed line indicates corresponding lower bound outa
probability. Note that SIC and JD are on the same order as ith®IC (FF)

and large performance gains for increasged

Outage Probability
=
o
T

107 10 10
Contention Density

Fig. 3. Simulated Outage Probability vs. Contention Dgnéij) for JD, SIC

k = 1,2 (8 = 2). Dashed line indicates corresponding lower bound outage

probability. Note the SIC bounds are on order with No-IC whID still has
a large benefit.
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Fig. 4. Simulated Outage Probability v$for SICk = 1,2 (A = 0.01,a =
4.0). Dashed line indicates lower bound. Note the stronglyodisjbehavior
againstg around1 which is captured well in the derived lower bound.

$=0.5 a=4 A=0.1
10 ; ; ; ; ; ; :

—=—JD

Outage Probability

k - Cancellable Nodes

Fig. 5. Simulated Outage Probability vs. IC group sizé\ = 0.1,3 =
0.5, = 4.0). Note that JD performs about as well as Uncond. SIC (FF) up

98 k = 3 and SIC no longer has performance gains Witk 3

V. CONCLUSION

Lower bounds for outage probability are derived for joint
detection and successive interference cancellation ofingr
group sizek. Without any IC methods, the outage probability
is O()). For k-JD, this outage probability i©(A\*+1) while
for SIC Poy is O(AF*1) for SIR 8 < 1 and O(\) for
B > 1. The main inhibitor for SIC performance is found
to be an ‘uncancellable’ annulus in space relative to the
intended transmitter where the intended transmissionkbloc
the interferers from being decoded and cancelled. Sinwuati
show the lower bounds are tight in a majority of cases. The
benefits of IC are seen to diminish fér> 3 . The benefits of
JD are tremendous and surpass those of SIC but depend largely
on good code schemes, near perfect channel state informatio
and more complicated hardware than is required for SIC.
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