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Abstract—Wireless technology is the strongest contender for network as priority [1]. Therefore, the BH will undergo
catering for the 5G backhaul stipulated performance where op- slower evolution towards ubiquitous 5G performance. Various
tical fibre is unavailable. In the presence of ultra-dense networks, efforts toward bridging the BH performance gap have been

such occurrences are exponentially increasing and different recently recorded as reported in 2. Some attempt to evolve
wireless technologies are investigated for this application. We y S rep in [2]. p VoIV

present the first backhaul-specific wireless link performance the existing BH technologies (e.g., [3] for copper, [4] for
modelling that considers its inherent line-of-sight nature, together fibre, and [5] for wireless). Others explore the integration
with an appropriate representation of the network topology using of information technology techniques to alleviate the BH
stochastic geometry. To this end, novel tractable models are performance requirements (e.g., [6] for caching, and [7]

obtained to capture the performance of wireless backhaul links. ’ . .
These are integrated into a multi-hop hybrid backhaul perfor- for software defined network architectures). Theoretically,

mance mode”ing framework and are app“ed in the ana|ysis of fiore is believed to be the ultimate BH Solution, hOWeVer, it

a backhaul-aware user association optimisation problem. is also known to be scarce in many 5G leading countries.
Index Terms—Wireless Backhaul, performance, modelling, " theseé cases, network-wide deployment is also highly
user-centric-backhaul. impractical due to the cumbersome and very slow process

of laying new fibre in urban areas. Wireless links are seen
as the optimum solution to fill in the gap where fibre optic
l. INTRODUCTION links are not available, by virtue of the minimal required

G is no |0nger a futuristic vision but has become todayiglsta”ation work and relative fast deployment. Academic
reality and demands an imminent and efficient approa@Rd industry researchers see great potential in the traditional
for tackling the related deployment challenges, not the ledsicrowave and novel extremely-high-frequency (EHF) bands
the backhaul (BH). The performance evolution of the currefd are working on evolving the technologies to meet 5G
realistic BH towards meeting the 5G expectations is a lengtfgduirements. On the other hand, self-backhauling, whereby
and costly process. In a recent survey, it was found that orfipall cells re-use the radio access spectrum as means of
3% of examined network operators are considering testiMéreless backhauling to the closest hub, is gaining more
the BH network in the first trials where 68% have the radigredibility with the emergence of beamforming antennas.
Wireless technology is evolving and expanding to offer
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to allow throughput and latency on par with fibre links. Itoncludes the article.

is expected that the E-band would constit@@% of the

wireless family of mobile BH in year 2020 and the V-band

10% [8]. Simulation results in [5] demonstrate the usage of I1. SYSTEM MODEL
D-band over 1.2 km line-of-sight (LOS) assuming a transmit

power of 10 dBm and an antenna gain of 45 dBi. Wh”ehTyplcaIIy, a wireless BH link that is pquperly pIanngq,
L . ould allow for a LOS between the transmitting and receiving
the technology is still under development, it is expected Fo

deliver a nominal throughput in the range of 30 Gbps t%ntennae. In addition to the dominant LOS path, a diffuse

L . : omponent is also present as a result of signal scattering. Such
50 Gbps as the_ propagatlon. m_thls pand s not .affected E?/opagation is referred to as LOS-fading and is described and
oxygen absorption. The main impediment of wireless B

: ) - . -~ modelled in Section II-A.
networks is their vulnerability to propagation conditions,

not the least fading and loss of LOS. It is thus essential {8
derive tractable analytical models that represent the natléri
of wireless BH propagation with fidelity. There are emergin

efforts towards addressing this need, albeit, these rem%gr;((x)’ respectively. Given a function(z, y) of two random

sporadic and incomplete. : a ;

A ftractable approach was proposed in [9] (and usé’é‘”ab.leSX andY, g.‘”(y) = 9(y, 2l denotg; the function
. . _~conditioned to a particular value The probability of an event
in [10]) to model the radio coverage and throughput in Qs denoted a®r(z)
cellular network, however, it does not take into accourit s
BH-specific characteristics (e.g., dominant LOS condition).
Authors in [11] and [12] propose analytical models to capture LOS fading representation
the cumulative radio access and BH delay as perceived byin a LOS-fading scenario, the diffuse component may be
users in the network. However, the authors consider twaodelled as zero-mean Gaussian variate with variance equal
extreme cases; the first models the noise-limited wirelegs242. The sum of the dominant LOS component (with mean
BH delay as a constant and the second models the in-basgial to||) and the diffuse component is the random variable
interference-limited scenario where interference is receiverl The powerZ = |G|? of such a signal produces Rice fading
from macro-cells and small cells. None of these assumptioiigit is characterised by the Rician facfér= |u|? /202 which
fits the wireless BH characteristics as these are likely to lagpresents the ratio between the power of the LOS component
noise limited and are vulnerable to the fluctuations of thend that of the sum of the multi-path components. The cdf of
desired signal. The same authors propose an approximatie® power of fading is a key expression in the derivations of
to the noise-limited wireless BH, assuming log-normalerformance metrics of wireless channels; in the case of Rice
shadowing in [13] and [14]. However, the mean packeiding, it is represented as follows:
delay is approximated by using the mean value of the link
distance, instead of capturing the actual distribution of the Fy(z)=1-Q <\/ﬁ 21 +KZ) (1)

) Q ?

In this work we use E} to represent the expectation opera-
r. The probability distribution function (pdf), the cumulative
tribution function (cdf), and the complementary cdf of a
ndom variableX are represented agx(z), Fx(z), and

variable distance. The availability and survivability of wireless
connections are studied and modelled in [15] but do not R ) ) )
capture the presence of dominant LOS. where, ) = E{z} = [u[® + 207 andQ(:,-) is the Marcume)

In this work, we propose the first framework for analysinBJnCt'Onl- _ _ _ o _
the performance of a wireless BH hop in LOS conditions Clearly, analytical mod(_ellmg that mvolve_s Rician fading,
with pertinent assumptions and tractable expressions whif&ce the Marcun@ function, is mathematically very chal-
possible. The system model is first detailed in Section IEN9iNg. A work-around was recently proposed in [16] in
Accordingly, three actual performance metrics of the wirele¥dlich the LOS component is assumed to randomly fluctuate,
BH family are captured: throughput, latency, and resilience if§- £« = u - K, whereu is a unit-mean Gamma distributed
Sections II-A, 11I-B, and I1I-C, respectively. As wireless BHandom variable with pdf given by:
hops are the first contenders to spread the BH in breadth and mmeymt
depth in a timely manner, we next look at the impact of such fulu) = We ’ ©)

hops on the end-to-end BH link performance. Accordingly, in q N. This distributi ainally f lated
Section IV, we model the performance of a multi-hop hybrian moc . IS _distribution was orginafly tormuiate
the context of modelling the joint effect of small-scale

BH that is comprised of wireless segment(s) by employi . . .
the expressions derived in Section Ill. The models are use ing and shadowing, often referred to Bizian shadowed

to examine and evaluate different strategies of deployi
wireless hops and the impact of the fading models employ
Next, we demonstrate the usage of representative wirel

BH performance models in the development and validation : L -
new technologies. To this end, in Section V, we elaborate gmonstrated that this approximation converges to the Rician

BH-aware optimisation scheme which employs the proposgﬁ;tribu“on agn — oo in [17], [18]. Given thatZ follows the

performance mOde_IS to fI!’ld the optimum aS_SO_C'auon b?meemJ. Marcum, Table of Q Functions, Memorandum (Rand Corporation), Rand
users and cells with various BH characteristics. Section brporation, 1950.

tribution We propose to employ it in this work as a more
égctable approximation to the Rician distribution owing to the
@éiéjitional degree of freedom, the parametgrand we refer

Is asfluctuating Rician distributionin fact, it was recently
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fluctuating Rician distribution, the authors derive the followingnstantaneous SNR at the receiver side, denoted, @an be
simple forms of the pdff,(z) and cdfF(z), as a finite sum expressed as:

of powers and exponentials by restricting the parametdo PoA B g
take positive integer values: v(h,z) = —————, @)
Lo- N
fz(2) = TS .t pm—l-i i (3 \Where, Lo is the propagation loss constaat,is the propa-
7 pr " Bm—i(m — )] ’ gation exponentg is the propagation distance of the signal,
B m—1 h represents the random component of small-scale fading,
Fz(z2)=1-Y Cie™# Y l' (i)r7 (4) s the equivalent isotropic radiated power (EiRP),is the
P i \B receive antenna gain, arid is the thermal noise power. Note

_ A that we explicitly indicate the dependence~fn & and z,
with B = Q(m + K)/m(1 + K) and although for the sake of notational simplicity we will simply
L (m—1 m 17 K 1mi refer to unless necessary to avoid any confusion.
C; = ( ) [ ] { ] (5)  Given that a wireless BH is an inherently LOS-based
m+ K m+ K o C
) h o ~ transmission, we assume that the distribution hofs that
In this work, we use the traditional distribution of Ricianyf 5 Rician-distributed fading channel. Thus, assuming a

fading (1) where mathematically possible, and the fluctuatingymajized channel £} = 1, the distribution of the instan-
Rician fading distributions (3) and (4), otherwise. taneous SNR conditioned to a particular valuerpfdenoted
asv. = v(h,z)|r, follows a power Rician distribution, as in
Section II-A, with mear2, = P- A-a2~*/Ly - N (replacing
h by E{h} =1in (7)) .

i

B. Backhaul Network Topology

We assume that the BH network is composed déyers of
nodes connected with — 1 hops as in [10]. In Figure 1 (left),
a BH topology that comprises two hops is shown, and (right)
a simulated example of this topology that is generated usifg Throughput
Poisson Point Process (PPP) to represent three lageror

the gateways in the core netwoik, for the BH aggregation per second) depends firstly on the channel bandwitih (

gateways, and, for the small cells” layer. and the SNR. The actual bit-per-second throughput is derived
The performance of a single wireless hop between laygfgm the selected modulation and coding scheme which re-
# —1 and « is then modelled assuming LOS-fading. Theytes to the number of bits per symbol. Higher modulation
distribution of the distance between two layers 1 andx of  schemes require higher SNR in order to avoid bit confusion
the BH network is given by [10]: which would lead to unwanted high bit error rates. Defining
Fx() = 27he - - e—wxﬁﬁ’ 6 T, £ W-log, (1 + v ), then the average rate for a giyen value
of x can be derived as follows, by using the definition of the
where, )\, is the intensity of the PPP that represents thgxpectation operator:
node distribution in layek in a two-dimensional plane. For .
the purpose of simplifying the derived expressions, in this E{T.} :/ W -logy (1 +74) - fr. (2)dz. (8)
article, we use\ to refer to \., the density of gateways in 0
layer x that aggregate wireless BH links from layer— 1. Theorem 1:The average capacity of a wireless link under
Although the models derived account for parallel links, thedgician fading at a given distance can be expressed as
are considered as alternative hot-backup connections, thusfaltows:
not allow simultaneous transmission. As such, the throughput 1174
derivations assume one active link, hence the scheduling delelyl} = @)
is not considered. Nonetheless, the topology and redundancy
schemes are captured in the resilience modelling derivations. ©)
Wireless point-to-point BH deployments are often nOiS@here,G;’}é‘" [] is the Meijer& function [20, 9.301].
limited, i.e., the interference from neighbouring links withirProof: The proof is provided in Appendix A.
the designated spectrum is minimal, thus, the signal-to-noisefven though the expression in (9) can be computed with
and-interference ratio (SINR) can be approximated with Qate-of-the-art mathematical packages such as Mathefatica
signal-to-noise-ratio (SNR). Indeed, the traditional wirelessnecessitates, nonetheless, the evaluation of an infinite series
spectrum is licensed and careful frequency planning limitspression involving the unwieldy Meijer-G function. To this
inter-link interference. On the other hand, in-band backhaulirgd, we propose the usage of the fluctuating Rician approx-
is enabled through the usage of beamforming antennae whighation, presented in Section II-A, in order to reduce the
by virtue, limit the inter-beam interference [19]. Moreovelgomplexity of computation, and as will be later shown, to
the propagation characteristics of the EHF waves suppréssilitate further analytical derivations.
unwanted signals from neighbouring links, naturally. For thetheorem 2:The average capacity of a wireless link under
reasons, the received SINR of wireless links in any of the
mentioned bands can be approximated with the SNR. Théhttps:/mww.wolfram.com/mathematica/

IIl. WIRELESSBACKHAUL PERFORMANCE

The upper bound of a wireless channel capacity (in symbols

k= K™ 51 [(1+K)
K 3,1
‘ Zon!-n! XGM{ 0,

0,1
n+1,0,0 |’
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Fig. 1. Example of multi-hop hybrid BH network modelled usiR§P.

Rician fading at a given distance can be approximated as
follows, using the fluctuating Rician fading pdf (3):

11/3)

l/B Z C Z ,
1=0 =0
(10)
where, B, £ Q,(m + K)/m(1+ K) andT(-,-) is the upper

B{T.} ~ E{T;} =

incomplete Gamma function, which can be computed in this

specific case as [20, eq. (8.352.3)]:

(-1)" =
I(-n,z) = | (x) —e™* Z (=1)" el I (11)
’ r=0

where, E;(-) is the exponential integral function.
Proof: The proof is provided in Appendix B.
For sufficiently largem, the Fluctuating Rician distribution

collapses to the Rician distribution as shown in [18] (please
refer to Figure 1 [18]). This is illustrated in Table I, where

we first find the value ofn that would yield approximated
results (10) withine = 0.1% of those obtained with (9) for
different values ofK” anda (e = (E{7,.} — E{T.}) /E{T%}).
With the selected value of., the approximation using (10) is
validated for a given wireless BH with different values igf
as shown in Figure 2.

The expected throughput over all possible valués E{T'},

which can be derived as follows and approximated using (10):

BT} = [T, ol

m—i—1

1 ZC Z / "‘/B alr( Z,CC /B>2’/T>\ - efﬂ'/\x
n

i=0 =0
(12)

m+K P-A

L2 _miK PA
where, B = m(K+1) LO-N*

The expression still requires

numerical integration but can be solved with, relatively, man-

ageable complexity. However, for the special casevcf 2,
we can further simplify the expression to a closed form.
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Fig. 2. Optimum setting ofn is used to generate approximated
throughput within0.1% error of the actual throughput using
Rice fading for three values of and o« = 2.5. (Refer to
Table ).
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Fig. 3. Average throughput over any distance using the pegpos
approximation (10) withm values as defined in Table I.

throughput over a range of gateway densities for two settings

Theorem 3:The average capacity of a wireless link undeof the propagation exponent: = 2.5 anda = 3. As can be

Rician fading at any distance and for a special casa of 2
can be approximated as in (13) on the next page.
Proof: The proof is provided in Appendix C.

expected, higher gateway densities indicate shorter wireless
BH ranges, consequently, higher and higher throughput.
Similarly, a higher propagation exponent induces higher loss

The expression (12) is used in Figure 3 to derive the avergoer decade, hence, lower achievable throughput, as seen in
Figure 3.
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TABLE |
(LEFT) DEFAULT PARAMETERS USED IN ALL FIGURES UNLESS OTHERWISE STATED(RIGHT) MINIMUM VALUE OF m REQUIRED TO REDUCE THE ERROR
OF APPROXIMATION.

Parameter Value
Rice factor ) 10
Channel bandwidth§’) in MHz 112 K] a=2]a=25] a=3
Propagation exponentj 2.5 0 1 1 1
Operating frequency/() in GHz 38 1 4 5 8
Propagation loss constant dB 5 15 19 28
(Lo = 10a log, (47 /c™/3) + 10alogy o (f417)) 80.0468 10 | 15 20 30
Equivalent isotropic radiated power (EiRP) in dBm | 20dBm+43dBi 20| 15 20 30
Receive antenna gaim] in dBi 43
Thermal noise powerX) in mMW/MHz 4-10~12
m—1 m—1—1 l
w (=1
E{T} ~ —— C; AB——
T~1o 2 G ) mB,
=0 =0
-1
T'(l+1
X {%QFI (+1L,1+11+1;1—7AB) — (l)rr!(w)\B)rl(lrl)!}. (13)
r=0
e N Loz® 2
Pr{7>7}:/ Q (\/2[(, \/2(1-%[()%) 2\ -z - e T dx (14)
0
o NL 2
Pr{va=2 > 71} = / Q <\/2K,:c /21 + K)TPAO> 27NN dy
0
(14 K)TNLg TAKPA
=1- X exp | — (15)
(1+K)TNL()+7T>\PA (1+K)TNL()+7T>\PA
B. Latency in the opposite direction. For instance, if the probability of

Latency in a communication system is a combined result 8fccessful reception 8.5, the expected latency over the

four distinct processes: propagation, transmission, processiff§J€!€ss hop would be . In general, the mean transmission

and queuing. The propagation delay is the time it takesdg'@y is inversely proportional to the transmission success
packet to travel between transmitting and receiving antennREoPability Pr(y > ), following the approach in [13], as
hence, it can be ignored in wireless communication as tREOWN here:

propagation speed is equal to speed of light. The transmission E{D'} = 0 . (16)
delay is the time taken to push all the packet bits onto the link. Pr{y > 7}

The dominant factor causing transmission delays in wireleggy re 4 shows the average success probability of transmission
links is the decode-and-forward mechanism, typically appligder a wireless link for a range of SNR target values, four node

at each hop, which results in retransmissions when the recei%sities' and two propagation exponemts: 2.5 anda = 3.
SNR value is below the required threshoid.(Accordingly, gor o — 2.5, the success probability is quasi-guaranteed (to

the success transmission probability of one hop in a wirelegg tenth significant digit). For the latter setting & 3),
point-to-point link is equivalent to the probabiliyr(y > 7)  the success probability is predominantly constrained by the
which can be directly obtained from (1) &s Fz(z) for Rician  5rqnagation, but is also limited by node density and setting
fading, at a given distance. Accordingly, the average succggs. ror a high setting of = 100 psec, the transmission
probability over all possible values af, can be obtained as delay associated with a high SNR target= 15 dB and for

in (14). For a special case in whiech= 2, a closed form so- , _ '3 and) = 1 gateway pekm?, the effective transmission
lution for (14) can be obtained using [21, eq. B.27], as shovyfé|ay would be~ 103.1 usec.

in (15). Considering a timeslotted transmission over wiréless | aqgition to the transmission delay, communication over
BH links, letf be the timeslot duration corresponding to giveQyireless links requires node processing which incurs additional
wireless technology. If the first attempt of transmission l§elays. These are the processing and queuing delays which

successfully received, the transmission delay would be equab often approximated jointly as a Gamma distribution with
to 4, which is the ideal case. Otherwise, retransmissions OC?}Hrameters that depend on the router, the given load, and

until a successful reception is recorded. Each retransmission
would incur an additional delay equal to the timeslot duration,
if we assume an ideal error-less reception of acknowledgment
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fading and variable distance is shown for two propagation exporersts2.5
(top) andar = 3 (bottom) for A = {0.1, 1, 10,100} gateway(s) peikm?.
Parameters settings are as listed in Table | exéept 10 + 43 dBm as for
higher values the success probability~s99.999%.

Mean packet size (g)

Fig. 6. The expected total delay over a wireless link is regresd in this
figure for variable packet length (in bits) and node density. Parameters
based on Table | with’P=100 mW, $=10, a=10 usec, b=0.01 usec/bit,
7=10 dB, A\;;=1 node/kn3.

technology as in [14]:

E{D™} = ¢ (1+1.28 - Ar1/Ak) - (a+ E{e}b),  (17) (function of \._1) has a major impact on increasing the
where, 6 is a delay-scaling factor that reflects the processimjocessing delay (hence, the total delay). The total delay also
power of the node per connected line; higher values isicur  S€€MS to increase I|r_1early with increasing dela_y-scalmg fagtor
higher delays. The expression+1.28- \;_1/\;) denotes the (¢), @s shown in Figure 5. The delay also increases with
mean number of nodes in laykr- 1 served by the designatedinCréase in packet length, as seen in Figure 6, but the end-
node (router) in layer: to which the wireless BH link in value is domln_ated by the effect _of the d_elay-scallng factor
connected. The parameter(in usec) represents the traﬁic_and_n_ode densﬂy. Results shgwn in both figures advo_cate that
independent processing delay of the router, &afid ysec/bit)y e joint processing and queuing delay (tens of msec) is orders
represents the processing delay with respect to the pac%{n_agnltude higher than the transmission delay in wireless
size He}. Accordingly, a point-to-point wireless link usingBH links (~ 0.1 msec).
decode-and-forward scheme incurs a total delayas shown
below:

E{D} = E{D' + D"} = E{D"} + E{D"1},
0
T E(PrONR S 1)) ¢ <1 128

C. Resilience

There are several performance metrics that may be used
to characterise the resilience of a link [15]. (i) Reliability is
(a + E{e}b) the probability of a link being operational and is measured
Ak " as the mean time before failure (MTBF). (ii) Survivability
(18) Mmeasures the performance of recovering from failure in terms
of the mean time to repair (MTTR). (iii) Availability is the
Figures 5 and 6 show that the number of connected linpsoportion of time the link is operational but, differently from

Ak—1
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strength to guarantee a target bit error rate). The fading margin

0.04 ‘ ‘ ‘ ‘ ‘ 10 is defined agp £ /Jmin/E{J} Which is equal toy/J;, for
o 1561z x E{J} = 1. The time during which the signal power is below
%% u 23cH; e Jmin is the fade duration. The first step is to determine the
e || x 756H: | level crossing rateR?;, and the average fade duratiof I },
| 7 equivalent to mean-time-to-repair or MTTR. These are derived
3 in [23] for Rician fading, as shown below:
5 0.025F 96.25
g 0.02- ° 15 Ry = /2m(K + 1)'fm'Pe_K_(K+1)p2'[O(QP\/ K(K+1)) (19)
%00 E(Fa) 1- Q(V2K, 2(K + 1)p?)
2 0.0151 13.75 -
z ° VT 2B D) fon - pe KT o(2p/R(K + 1))
= o 20)
S 0.01F Bs (
£ o a where, f,,, = vf/c is the maximum Doppler shifty denotes
0.005} ° x o {1.25 the relative motion of scattering objects between the transmit
° 8 ¥ : and receive antennag,is the carrier frequency of the signal,
QPSK 8PSK  16QAM  32QAM  64QAM 128QAM 256QAM andc¢ is the speed of light an& is the Rice factor.

The none-fade duration{#,} = 1/R;,—E{F,} (equivalent

to the MTBF) is then defined and used in a Gilbert-Elliot two-
Fig. 7. Percentage of time the indicated ACM is not availalblethree ~ gtate_model to find the probability of fades being larger than
scenarios based on data from different trials using automatic coding and . . T
modulation in different frequency bands. a threshold.J,;, as in [15]. Owing to the re-transmissions
mechanism, such fades do not necessarily cause a link outage
unless they persist for a duratiahy > A,.«. The outage
probability of a wireless link is thu®r(A; > Anax) Which
can only be determined if the fade duration distribution is
known. Albeit, this distribution is largely unknown and re-
mains an open problem in the literature ever since the original
formulation by Rice [24]. In this work, we assume that the fade
duration distribution exhibits an exponential-like behaviour for
high values ofp, similar to [25]. The radio outage probability
of a wireless BH link, (EO"}), can thus be expressed as
follows:

10°

-2

10

f max}

Pr{A>A

-4

10 |

Ama

E{O"} = Pr(A; > Apax) = € Ul (21)

10

In Figure 8, the radio outage probability (i.e.{@&"}) of
©) a wireless link that follows Rician fading is simulated as a
function of the critical timeA,,,x and the fade margim.

' N _ _ ' Higher values ofA,,.x improve the radio link availability
Fig. 8. Outage probability of a Rice fading channel link based(21), and vice-versa. On the other hand, higher fade margins render
assumingf,, = 10 Hz for different values ofp. Other parameters used o . ! LT
in the simulations are listed in Table I. the probability of fades higher, consequently, the link is more
vulnerable which increases the outage probability.

Often, key radio links that affect a large service area are
(i), it takes into account failures and repair; it is quantifiedesigned with redundancy schemes that employ at least two
as uptime/(uptime+downtime) e.g., MTBF/(MTBF+MTTR).independent radio links, such as [1+1] or [2+0] schemes. In the
In this paper, we model the outage probability, i.e. downlormer example, one link is active at a given time with seam-

time/(uptime+downtime) which is affected by the radio lin oo S e
failure and the equipment failure. Features such as autom (o switching to the backup link in case the first is in outage.

coding and modulation (ACM) are commercially employed t the latter example, both links are used simultaneously to
increase the robustness of the radio link at the cost of spectranhance the effective throughput; if one radio link fails, the

efficiency reduction. Figure 7 shows experimental results thgfstem switches to a single link automatically without causing
highlight the vulnerability of EHF signals to fades and weath@gvice interruption. In both examples, the wireless connection

colr:]ditgﬁir;s c[:%lzs]e[S]h”nechanisms such as decode-and—forwziisraonly in outage if both radio links fail simultaneously. In

dampen the effect of loss of radio link through repeated rB1€sh wireless networks, there are often more than one path
transmissions. These improve the tolerance of a wireless lipktween two points; these points are considered disconnected
which may be recovered if the fade lasts less than the tirifall possible paths fail simultaneously. The outage expression,

allowed for maximum retransmission. _ . Jith any redundancy scheme, can be extended as follows,
Consequently, modelling the resilience of a wireless lin

entails an analysis of the fade duration distribution and de-

termining the probability of having a fade duration that is

less than the critical limit. The average receive power is char-

acterized by EJ}, and the minimum power level threshold

is Jmin (€.9., receiver sensitivity or minimum received signal

max
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according to (21):

Amax Amax

E{OT/} = Pr/(Af > Amanc) (2) He_E{FdJ} (2) e_LE{Fd'} 107k

(22)
where, L denotes the number of links and{E;;} is the
mean fading duration over link The equality (a) indicates
that, in case parallel links are used as backup between layer
k — 1 and k, the outage occurs only when all the links fail
simultaneously. The notatiofr’ refers to the link outage . B e T
probability with redundancy deployments. If the same value g = e E{O} M’“Ta;R:wayS
can be assumed for the mean fading duration ofLalinks, " & - = E{O}; MTTR=3days
then the expression is further simplified as in ((b)-22) [15]. i 2 — E{O};MTTR=3hours

Equipment failure is another reason for wireless link out- = £ | ——E{O}MTTR=3hours
ages, and concerns both indoor units (IDUs) and outdoor —40 -30 -20
units (ODUs). The MTBF of such units is normally very
high (> 12years) and redundancy schemes are often used t¢ ., ‘ ‘ ‘ ‘
improve the reliability. As such, a unique wireless link could °
be equipped with an active ODU and a hot-backup passive °
ODU that is activated whenever the prime ODU fails. The 90%
MTTR for wireless equipment varies significantly based on the °
location and accessibility; in an urban environment, it is often
within three hours but may take up to three days in remote
areas with difficult access. The outage probability of wireless
links, including radio equipment and radio link failures, and
any redundancy plan can be expressed as follows: To%r

E(0} 21-E{(1-0") x (1-07) x (1-0")) o

(a) 60% o —k=10]]

=1 - (1-E{0"}) x (1 —E{0”}) x (1 —E{O"}) ° o K0

(23) 0 0.2 0.4 0.6 0.8 1
Proportion of fibre-based last mile links

»

\\\ LARRANN] . =
E{O'}4,,=0.05

Outage probability (E{O})

80%

Holistic Resilience
o

where, 0°" and O are the outage probabilities of outdoor
units and indoor units, respectively, such tlat £ HL Of, Fig. 9. (Top) The outage probability of the wireless link i®aim as a function

where,i indicates the redundancy index of the hardware, aff for wo values ofAmax = {0.05,0.15} sec. The impact of equipment
! '~ failure is dominant for lower values @f, and has minimal effect otherwise. In

0¢ £ (MTTR/(MTBF + MTTR))? is the outage probabil- tese regions, the impact of the MTTR value is also importance. (Bottom) The
ity of the outdoor unit with redundancy indexbased on the hoalistic resilience of the BH network with = 3 dB and Apax = 0.1 sec;

MTTR and MTBF values. The equality (a) in (23) is possiblgomparison between Rice fading(= 10) and Rayleigh Fadingi = 0).
because the concerned probabilities are independent of each

other. . .
The cause of a wireless link outage is often the radiof(:lilur%?‘tev"ayS in layee and the core network has a cumulative

mean delay ofl0 mseé. The parameters employed to model

as shown in Figure 9, unless the fade margin is very low. = . I : . : ;
\%e wireless links’ capacity, latency, and resilience are listed in

For these low values, the wireless link outage probabili ble 111 in which id i band i
is dominated by equipment failure. For higher fade margi gole il in which we consider a microwave band operating

values, the ODU and/or IDU failures have limited impact oH‘.lthe ?’8 IGHZ s_pectrum. ;ll'he ter:(pteaeﬁb‘.:tapﬁgg ?fd?‘ Ia§t—
the total wireless link availability. mile wireless microwave hop that exniois ading 1

derived using (12). The expectations of delay and resilience

IV. WIRELESSBH IN A MULTI -HOP-HYBRID NETWORK in microwave links are based on (18) and (23), respectively.
We adopt the network topology that was presented in Figure 1

In this section, we iptegrate t_he d_erived performance moqalﬁd which consists of two hops. The first is the last-mile con-
of a wireless BH hop in the estimation of the multi-hop hybri ecting the small cells to an aggregation point and uses either

BH performance. Referring to the topology in Figure 1, Wm?nicrowave links or fibre-based links (with mean capacity of

parameters as defined in Table II, we derive the expectatiolrbsGbpS)_ The second hop connects the aggregation point to

?r: the hollstlr(]: .BHl(r)esgencg, caplaocn)t/,h and I.?tency f;)llowmlqhe gateway in the core network and is always provisioned with
e approach in [10]. Based on [10], the resilience of a mu ?l'bre-based links1(0 Gbps). We study the impact of increasing

hop BH is affected by outages on any hop. Differently, t : ; : ; h : f
capacity of a multi-hop hybrid BH is determined by the singrl]g1e density of aggregation points andfor the proportion o

hop which is the most limiting, i.e., the last-mile. The latency,
P 9 Y SAssuming the BH gateway to the core network has similar processing

on the other hand, is .the aggregate effect of delay Occumﬁ'egay parameters to the gateway in lageand 99 connected lines, the delay
on all hops. We consider that the BH network between tlen be computed as:- (1 + 99) x (5 + 0.01 - 1500) = 10 msec
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TABLE II
SIMULATION PARAMETERS.
Parameter Value Remark
Ao 400 users/krm | Density of &, PPP representing users.
A1 40 cells/kn? Density of &; PPP representing small cells.
A2 4 gateways/km | Density of &, PPP representing BH aggregation points.
A3 1 gateway/km | Density of &3 PPP representing BH gateways.
Dm 50% 50% of last-mile links are randomly allocated microwave (38zptechnology.
Dy 50% 50% of last-mile links are randomly allocated fibre-basedhietogy.
TABLE IlI
PERFORMANCE MODELLING PARAMETERS IN ADDITION TO THOSE LISTED INTABLE I.
Parameter Value Remark
g 5 Scalar factor representing the processing power of BH gateffeaver value indicates bettefr
processing power).
I 10 Scalar factor representing the processing power of fibreeggdgjon point.
5 10 Scalar factor representing the processing power of micreveegregation point.
a§ 5 usec Traffic-independent processing delay of BH gateway.
ag 10 psec Traffic-independent processing delay of fibre aggregatiantpo
ay’ 10 psec Traffic-independent processing delay of microwave aggregaioint.
bg, bg, by' | 0.01 psec/bit| Processing delay of all routers relative to the packet size.
€ 1500 bits Ethernet packet size.
fibre-based last-mile links on the holistic BH performance. In
parallel, we compare the results with both Rice and Rayleigh
fading considerations.
R Ty We vary the proportion of last-mile fibre links and the
- o K=0;\,=4 density of the aggregation gateways in lageand examine
g 9°°°"c‘>"gf’;*f the resulting impact on the expectations of the multi-hop BH
< k1006 throughput and latency in Figures 10 (Top) and (Bottom),
£ o ko respectively. The node density, has limited effect on the
% 70007:3??5 resulting holistic throughput, whereas the increase of fibre
g ...Kzlé;izzs - links steps up the throughput by a factor of two. In contrast,
2 eod © K0AB the increase of node density (i.e., proportion of fibre last-
j 25 / mile links) have equal share in reducing the holistic latency of
ﬁ 5000 the multi-hop BH. As for resilience, the impact of increasing
g the share of fibre in the last mile doubles the resilience of the
40007 oﬂlois — BH network, as seen in Figure 9 (Bottom).

Proportion of fibre-based last mile links

——K=10;)1,74

4000

w

a

o

S,
T

Holistic latency expectation ( pt sec)

15001

300035,
2500

»
20001

0 K=0;A,=4
== K=10; )\2:5
0 K=0;A,5

11 K=10;2,=6
o K=0; )\226
e K=10; )\2:7
O K=0;A,=7
= = =K=10;),=8

1000
0

Fig. 10. Holistic BH network throughput (top) and latency ttbm) for LOS-

. 0.4 0.6 0.8
Proportion of fibre-based last mile links

fading with K = 10 and Rayleigh fading with' = 0.

Had Rayleigh fading £ = 0) been considered instead of
LOS-fading (e.g.. X = 10), the resulting capacity estimation
would be pessimistic as clearly seen in the zoom-in window
of Figure 10 (Top). Whereas, the type of fading does not
have a significant impact on the latency, as expected from
the results obtained in in Section IlI-B. Essentially, the delay
in the holistic BH link is dominated by the processing and
qgueuing delays, as such, the difference in delay caused by
the error in modelling the fading is negligible. In contrast,
resilience of wireless links is the most vulnerable to the type of
fading, as seen in Figure 9 (Bottom). Consequently, the error
in adopting Rayleigh fading models instead of Rice fading
when estimating the multi-hop BH resilience is significant and
would result in invalid conclusions.

V. USER-CENTRIC-BH OPTIMISATION PROBLEM

The User-Centric-Backhaul (UCB) is the state-of-the-art
user-cell association scheme that is radio-aware, BH-aware,
and user-centric at the same time [26]. The UCB uses multiple
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offset values that are optimised per cell, where each offset
reflects the end-to-end characteristics of that cell with respect

: . . " TA) = AnTn(A) + A Tr(A) (25
to quality attribute, e.g., capacity, latency, resilience, etc. On e A) A+ AT A) - (29)

the other hand, each user has different quality targets that ~ subject to
are determined by the device capabilities, the application, E{Zm} = NnTm x Gm =0 (26)
and the user's preferences. For instance, a delay-critical e- E{T;} - N;Ty x Gy >0 (27)

health user would have stringent latency but relaxed through-

. . o The ergodic throughput pertaining to the traditional user-

put requirements. A streaming application may have the op- - 2 . :
. o . ell association policy is derived in many works that also
posite priorities, whereas a security sensor demands ultfa- .
employ stochastic geometry to capture the network topology

users to make a judicious cell selection that is aware of tl(w%'g" [91). The T-UCB association policy, however, results in

. , o ‘new distribution of the distance between user and serving
candidate cells’ end-to-end characteristics (as opposed to radiq ~_. - ; . .

. ) o cell, since it is not necessarily the closest. The received signal
conditions only) and of the users’ specific needs. In othér

words, two users having the same signal reception of Power is a function of that distance, and the throughput is

surrounding cells may choose differently according to the?r funct_lon of the received signal power of serving and all
interfering cells.

disparate quality targets. Similarly, two cells with exactly the In order to solve the optimisation problem, we need to first
same r_ad_io char_act_eristics, may have “r?eq”a' offset values gle"ra‘lve the analytical expression for the sy,stem throughput,
to I?:Stsr:gllzgtlzltirgl ;ansvrés ggv?lig rzr?pgﬁg\ll;icB; Iggl(jfion o gssuming the fqlllovv.ing two variables: (i) foset setting per
subproblem of thé UCB, the throughput-based UCB (T-UCBie” type, and (i) Q|stance_betvvee_n a typical user anq t_he

L - : . erving cell. The distance is conditioned on the association
which is concerned with one BH link per cell and a single

attribute: Throughput. We consider a mono-layer network Phcy, thus, is a function of the offset value. We first formulate

. . . L e association policy in Section V-A. Next, we determine the
small cells that have identical radio characteristics and thaaltstribution of the distance between a typical user and the
have a purposely over-dimensioned radlo access. Each of iceozr?esponding serving cell (based on the association policy)
cells connects to the BH gateway using the topology descrlbie Section V-B. Finally, we find the ergodic throughput in
in the previous section. Effectively, there are two types of Sm@ection V-C ‘ '

cells: Cy with fibre-based last-mile and’,, with microwave-
based last-mile. Such a network can be modelled, using a
stationary mixed PPB; with a randomized intensity function

H having a two-point distribution such that:

PI‘(H = )\'rn) = Dm, PI‘(H = )\f) =pf = 1—pm, (24)

high reliability (> 99.999% availability). The UCB allows

A. Basic UCB association policy

where,0 < p,,, < 1 is the probability of having a cell of type  The cell association of a typical usér, in a UCB system

Cy, andpy is the probability of having a cell of typ€. . . . ;
Hence, the intensity 0B, i A = puAm + (1 — pm) s, Where is based on the maximurbiased mean received power (or

Am > 0 is the intensity of cells of typ&,, and \; > 0 is rank) from all cellsC. as defined in (28), given that all cglls
the intensity of cells of type&”;. The adoption of PPP in the have the same power per uséy, and the same propagation
representation of small cells locations is justified since sucharacteristics«{, and x,). It should be noted that, in this
randomness may be expected in small cells’ deployment. §roblem, there are two wireless links with very different char-

Let the users be also located according to a homogene - - ; e :
PPP®, with intensity \, that is independent ab,. We denote Ueristics. The first is the wirele®H which is characterised

the variableR as the distance separating the typical/randoRY LOS fading and is often noise limited. The second is the
user located at the origin, without loss of generalityadio accessbetween the cell and the users which is often
from the closest cell in®,. The T-UCB optimisation none LOS and interference limited [9]. To this end, we use

problem consists of finding the optimum association polighe subscript, to differentiate the propagation parameters of

A(O'rruOf) = [-Am(O’rruOf);-Af(O'rn;Of)] that would i i i .
maximise the ergodic throughput without exceeding tthe radioaccesslink from those of the wirelesBH):

capacity limits of both types of BH links,{H},,} and E7}. _ —p oy —Oa. . _
The factorsA,, and A; represent the proportion of users Rue = B{Jeat X Oc = Fa Xa * Rue™ ™3 ¥e {m’f}2'8
associated to cells of typé€’,, and C}, respectively. The (28)

association policy is a function of the offset settings in botie|| association often is based on mean received power (as
cell types (0., O¢) that can take on any positive value. Th

BH capacity constraints are (26) and (27), which dicta?éoposed 0 instantaneoqs Va“.JeS) in order to avoid ping-pong
that the SINR-based throughpu,{ and 7;) of all served ©ifect that may result if fading were accounted for. The
users (\;, and \/;) affected by the overhead,, and G, Probability of a typical user associating with a cell. is
should not exceed the nominal capaciti€¥F, } and E{Tfi», thus equivalent to the probability dR, . > R, for all

respectively. other cellsC,,. In a T-UCB, a typical user either connects
to cell type C,, or Cf, based on the association policy
A= [A,, Af].

Theorem V.1. The probability of a typical user attaching to
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cell ¢y, or Cy can be expressed as follows: typical user at a random distangdrom its associated cetl’.
1 is shown in (36). The expression{®&V, log, (1 ++'(x)) | =}
Am e (29) s the distribution of the instantaneous throughput conditioned
(8—;) +1 to a particular valuer. It is derived in [9], assuming that the
1 power of fading of both serving and interfering channels are
Af = (30) exponentially distributed with unit mean, as in (37). Where,
(%—*f“’) +1 is the target throughput, is the signal-over-noise ratio (SNR),

and L is the Laplace function as defined in (38).

For a p articular case in which the radio coverage is interfer-
ence limited, the SINR can be approximated with the signal-
to-interference ratioJIR = 4) (i.e., Z#C Jiw > Nep). If, in
B. Policy-based user-cell distance addition, we assume that, = 4, the expected throughput at a

The minimum distance between a typical user and a Cglir/en distance can be further simplified as in (39) [9]. The gen-

is a variableR as explained in Section II-B. However witheral average ergodic throughput based on two variablesd
' %’Hrjnay be obtained by replacing the derived expressions (37)

Proof: The proof is provided in Appendix D.

T-UCB association policy, the serving cell is not necessaril 33 h i (40). For th ticular interf
the closest. We consider a typical user at the origin associal (33), as shown in (40). For € particular interterence-
imited scenario withn, = 4, expression (40) can be further

with a cell of typeC,, or Cy. Denote X,, (or Xy) as the . " . . :
distance between the user and its serving cell. Since cells aﬁ@p"f'ed’ as in (41). Plugging (41) in (35), we get the average

deployed as a PP, and.X; are random variables describeoergodic throughput of a typical user in the network (for the

by their probability density functiorfx, (x) and fy, () that !nterference-limited basic deployment with = 4), as ;hown
we derive in this section. We first define the cddf., (), as in (42). The average number of users associated with cells of
follows: ' ma typec = [m, f] can be obtained as the rathd. = A.- Ao/ ¢,

where) is the intensity of the users’ PPP aidis the density

) of cells’ PPP ;). Accordingly, the average throughput of a

(31) cell of type C. can be expressed as in (43) (for the special
case).

Lemma V.2. The complementary cumulative distribution func-

tion that represent the variable distance between the typicgl

user and a cell of typ€’,,, can be expressed as follows:

Pr (R, > x,c=m)

FXm (x) < Pr (Rm > m|c = m) = Pr (C — m)

Results and Analysis
In this section, we solve the T-UCB optimisation problem

—mAx?

Fx, (z)=e Am . (32) using an exhaustive search approach. We consider the spe-
_ ) ) ) ) cial case of interference-limited radio access together with
Proof: The proof is provided in Appendix E. a propagation exponent, = 4. The remaining parameters

are listed in Table IV. The expected throughput capacity of
Consequently, the pdf of the policy-based user-cell distante microwave link can, thus, be derived using the expression

can be found as follows: in (12) which equates td60.75 Mbps. The last-mile fibre
= throughput capacity is considered to leGbps. We plot
fx, (r) = dFx, () _ d( = Fx,,(z)) the objective function (25) and the constraints (26) and (27)
277)?”: . dz for all possible values of4,, (note thatA; = 1 — A,,).
= A—m-e“” (X_m). (33) We assume thad,, = A\; = 40 cells per kni and \; =

Pm - )\'rn + (1 —pm) . )\f = 40 cells per krﬁ with Pm = 0.5
Similarly, fx,(z) can be obtained as follows: and \g = 1200 users per krh The y-axis shows the network
load and the unused BH load (a nil value indicates 100%

2T —z?(z2 . : .
Ix;(x) = ALQZ e’ (Af>. (34) usage of the BH available capacity, a negative value means
f
C. Ergodic throughput TABLE IV
. . . . . PARAMETERS EMPLOYED TO OBTAIN EXPERIMENTAL RESULTS
In this section, we derive the average ergodic througfiput REMAINING PARAMETERS ARE DEFINED INTABLE |.
of a typical user that hasl; probability of connecting to a 5
: arameter range
cell of typeC'; and A, otherwise. o Taatoways k) 11040
T = Af .Tf + A, .Tm, (35) A1 (cells/km?) 40
. . Pm Oto 1
where, T,,, and Ty are the average throughput of a typical Xo_(users/km?) 1200
user associated with cell typ@,, and C;, respectively. The Gr=Gm 03
. . MIMO rank 2
average throughput over a radio access channel bandwidth on 2
W, is T.(z,7'(z)) & E{E{W,log, (1 +~'(x)) | x}}. It is o 25
a function of two variables: the distance between user and i 10d?g“d+81,8d5i
|

associated cell) and the received SINRy’). The SINR of a
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Jes E{Jeu} " he,
/ c,u c,u c,u
V(@) = : = : ’ : (36)
Ny, + Zied)c\c (Ji,u) Ny + Zie¢c\c (E{Jc,u} : hi,u)
! > 27—“ - 1 « T
E{W,log, (1++'(2)) | 2} = W,ln2 exp — — X Ly (%27 — 1))dr,, (37)
0
e 1
Lp, (z (27 — 1)) = - /\22Tu12/%/ ———d 38
1, (2% ( ) =exp | —mAz7( ) (2re_1)-270 L+ uoe/? “ (38)
E{W,log, (1 +%(x)) |z} = Waan/ Ly (227 —1))d7,
Tq >0
—mAx?y/27a —1( T —arctan 1
= Waln2/ e <2 ' (Vf“*))dm. (39)
Ta>0
. (oo}
7.~ [ EWlog, (14 9(a) | o} x fx.(a)da
2T A Py 27 — 1
LW 1n2/ / —mAE exp{ 7} Lr, (x% (27 — 1))dr,adx. (40)
0 0 Y
. 2w\ = —mAz?y/27a —1( T —arctan 1
T (g =4,7"~%) = %XW 1112/ / T e (2 ' <V27“*1)>:cd:cd7a
o Jo
1
— Wan2 / dr.. (41)
0 1+ A.%x 27« —1 (g — arctan (ﬁ))
T (g =49 ~%) =Wan2 »_ / A dr,. (42)
e=(m, 370 1+ A x 27 —1 (g — arctan (\/ﬁ))
T¢ = N.xT,
et A 1
_ A dr,. (43)

oo
"y xBWan/O 1+Acxx/ﬁ<%7amtaﬂ(ﬁ))

condition (27)

Link/Network Load

= = = Network load

b B : .
0<A <016 o A 0.16
feasible space 1 unfeasible space
Microwave BH load

1
1
!
: +  Fibre BH load
1

L i i i i i T
0.1 - 02 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Association factor AL

Fig. 11. Exhaustive search solution for the T-UCB probleme Tihk load shown represents the unused proportion of the nominal link capacity; negative
values indicate overload and positive values reflect unused capacity.
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the BH is overloaded, and a positive value indicates the
available unused BH capacity). The resulting curves are shown
in Figure 11 and the solution space is demarcated by the
condition (26). The limiting condition defined by (27) is never
reached, in this scenario, and the optimum association policy
is A* =[0.16,0.84].

A BH-unaware association scheme would have resulted in
equal share of users between both cell types and would have
incurred overload of the wireless BH cells by ab8g. Such
a BH condition would reflect on the quality perceived by half
of the users who would be suffering from queuing delays,
lost packets, and significant reduction in throughput. If we
normalise the effect of BH overload on all users attached to o 02 04 6 08
cells of typeC,,, then each would experience a throughput Froporton of cells wih microave last-mie (py)
reduction equal td0.88 x 160.75)/(N,,) = 9.43 Mbps for
N, = 15 users per cell.

1) Sensitivity analysisin this section, we study the effect
of key parameters on the optimisation results. The effect of the
probability p,,, of cells of typeC,, is first studied in Figure 12
(Top), assuming the same cells and users densities as in the
previous section. As expected, more users associate with the
fibre-based cells when these increase in density. Moreover, the
optimum curve deviates from the linear relationship due to the
constraint determined by the wireless BH capacity, which in
this figure is calculated based on = 4 aggregation points
per kn?, i.e., 160.75 Mbps. The highest association factor with
cells of typeC,, is 0.4 and occurs when the proportion of such To 20 0 a0 a0 40 450 500
cells is85%. There are no feasible solutions beyond this value Expeciaon of micronae BH capscly n Mpbs (fork;=4 1040 nodesf)
that would Sa,tISfy the microwave capacn_y constraint. . Fig. 12. (Top) The effect of microwave cell density on the ags@n policy.

Next, we inspect the effect of the wireless BH capacifyottom) The effect of microwave BH capacity on the association policy.
on the association policy in Figure 12 (Bottom), where the
probability of cells of typeC,,, is p = 0.5. For values of\, >
13 aggregation points per khfi.e., 307.2 Mbps), the network manipulation as in [28, eq. 6], the expression in (9) can be
becomes radio access limited and the increase in microwdgand and the proof is complete. u
capacity does not affect the association policy.

Optimum association factor A,

o o o
°S L o N 9 & 9
= (5 N a1 w al B

T T T

o

o

a
T

w

Optimum association factor A

VI. CONCLUSION APPENDIX B

We have presented in this article tractable models that , i
capture three key performance characteristics of wireless BH FProof: The average throughput of a wireless link at a
links: throughput, latency, and resilience. This is the first wof@ven distancer is derived here using the fluctuating Rice
that offers analytical performance models that are represeri@fing channel model. By restricting the parameteto take
tive of the BH-specific LOS nature of wireless propagatioff©Sitive integer values, the distribution of is given in a very
The derived expressions are employed as a modular parSBpPIe form [17], [18] as:

the multi-hop hybrid BH performance modelling. Moreover, m—1 1 pm—l—i B

an association scheme that is aware of the performance of the fru(z) =Y Ci- Pl e LR (45)

multi-hop BH links (including wireless hops) is elaborated and i=0 By (m —i)!

shown to improve user-centric performance. with B, £ Q.(m + K)/m(1 + K) and C; as defined in

APPENDIX A Section II-A. Plugging (45) into (8), and using ( [18, eq. 23]),
we find an approximate expression for the averagefatas
Proof: The average throughput of a wireless link at &, (10) and the proof is complete. m
given distancer is derived here, starting with the pdf of Rice

fading:
1+ K _:a+5 _ z APPENDIX C
fra(2) = o e e e K[ (2 o

x

K(K + 1>> ,
(44) Proof: The average throughput of a wireless link, 18,
taken over both the variable distance and fading component
Plugging (44) into (8), the integral can be solved as previousian be approximated by using (11) to represent the upper in-
done by using the result in [27, eq. 5] and after some simptemplete Gamma function (—/, z) and replacing: = 22 /B,
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E{T} ~
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—1,2)- e ™By,

(46)

as in (46). Thus, solving (46) equates to solving the follgwinThe equality (a) is a direct result of replacirig by the

two integrals:

(o)
L = / e By (2)dz.
0

_/ o0 ”le

r=0

(47)

- 2T ldz. (48)

I

with n £ 1 — 7AB.

We first solvel; using [29, eq. 21 p. 198]. Note that, in
! 9l d- - I Jtcan be verified thatl,, +A; = 1, and the proofis complete.

this caseI'(-) is the Gamma function which is equivalent t
L(y) = (y -1

11:/ e By (z)dz,

0
_Ii+1)

I+ (49)

2 (141,14 1;1+1;1— 7AB).

The second integral, can be re-arranged, as follows, with a

direct solution using the Gamma function.

-1 o
72(71)”/ Slmr=1,-7TABz g,
—Z

r=0

*Z

I

)N (7mAB) (1 — )

= ) rl(AB) (1 (50)

—r—1)!

By replacing/; andl; by (49) and (50), respectively, in (46),
the expression (12) is obtained, and the proof is complmte.

APPENDIX D

Proof: The probability of a typical user associating wit
cell of typeC,, is A,, and is defined as follows:

A

A, = Prlce=m]=Eg, [Pr[Rn(Rmn) > Ryl
1/
@ &, |pr|R, > (Of ) X R
Om
oo 1/aq
_ / pr| R, > <Of> X Ron| X fr,, (r)dr
0 Om
o0 (0] 2/aa 2 2
(2) / e_m\(o_j%) 2N e TN dr
0
1
A, (Q PR (51)
(55) +1

expression in (28) and (b) follows from using ccdf expression
Fr(r)(r) = exp(—mAr?). The final result (c) is obtained
by replacingy = r? and a straight forward integration. The
association probability with cell of typ€’; can be obtained
in a similar manner as:

Af = (52)

1
2/
om) 1

(%

APPENDIX E

The complementary cumulative distribution function that
represent the variable distance between the typical user and
a cell of typeC,, is derived here.

Proof: The probability Pris=m] is equal to
A, as shown in Section V-A. The joint probability
Pr[R,, > z,s = m] can be found as follows:

Pr [Rm >z, R, (Rm) > Rf]
/ Pr[Ron(r) > Ry] fr, (r)dr

2/aaq
= 277)\/ ) H) dr

(53)

A e A’”
Plugging (53) into (31) leads to the expression (32), and the
proof is complete. |

Pr[Ry, > x,s =m]

Of
Om

77r)\r (
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