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Abstract—We investigate an architecture for multi-Gigabit
outdoor mesh networks operating in the unlicensed 60 GHz
“millimeter (mm) wave” band. In this band, the use of narrow
beams is essential for attaining the required link ranges in order
to overcome the higher path loss at mm wave carrier frequencies.
However, highly directional links make standard MAC methods
for interference management, such as carrier sense multiple
access, which rely on neighboring nodes hearing each other,
become inapplicable. In this paper, we study the extent to which
we can reduce, or even dispense with, interference management,
by exploiting the reduction in interference due to the narrow
beamwidths and the oxygen absorption characteristic of the
60 GHz band. We provide a probabilistic analysis of the
interference incurred due to uncoordinated transmissions, and
show that, for the parameters considered, the links in the
network can be thought of as pseudo-wired. That is, interference
can essentially be ignored in MAC design, and the challenge is to
schedule half-duplex transmissions in the face of the ‘“deafness”
resulting from highly directional links. We provide preliminary
simulation results to validate our approach.

I. INTRODUCTION

Recent progress in RFIC design in the mm-wave band
has spurred significant recent interest in 60 GHz networks
for indoor multimedia applications, including standardization
efforts within the IEEE 802.15.3c (WPAN) and 802.11
(WLAN) task groups. However, use of the 60 GHz band
is also very attractive for outdoor mesh networks with
multiGigabit links at relatively short ranges (of the order of
100 meters). Such mm wave mesh networks can serve as
a high-speed backhaul needed for broadband connectivity
where there is limited wired or optical infrastructure. In this
paper, we take the first steps towards defining an architecture
for such outdoor mm wave networks, accounting for the
unique characteristics of mm wave communication.

The fundamental distinguishing feature of the 60 GHz band
relative to, say, the 2.4 GHz WiFi band, is the order of magni-
tude difference in wavelength. The free space propagation loss
of electromagnetic waves scales as A2, and (fixing the antenna
apertures at each end), the directivity scales as % where \ is
the carrier wavelength. Thus, the overall path-loss varies as /\—12;
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this corresponds to a net gain of 28 dB in going from 2.4 GHz
to 60 GHz. This is fortunate: given the RF power constraints of
low-cost silicon implementations, employing highly directive
antennas at both transmitter and receiver is essential for the
range/rate combinations we wish to achieve. The small wave-
length in the mm-wave band allows the design of nodes with
a compact form factor (comparable to a WiFi access point)
that can achieve directivities of around 25 dBi quite easily.
The use of electronic beamsteering with highly directional
links opens up a number of questions in network design, and
we focus on the most fundamental of these in this paper:
medium access control (MAC). If neighbors can no longer
hear each other, protocols such as CSMA/CA, or variants
thereof designed for the mildly directional links possible
at lower carrier frequencies, simply do not work. At the
same time, the highly directional transmissions lead to vastly
reduced interference between nearby transmissions, which
raises the interesting possibility that high level of interference
management provided by conventional MAC protocols
may not be needed for networks in the mm-wave band. In
this paper, we use a statistical analysis of interference to
show that, for the antenna directivities of interest to us, even
uncoordinated transmission for different transmit-receive pairs
leads to small collision probabilities. This motivates a pseudo-
wired abstraction to serve as a first order approximation of
mm-wave wireless links, and provide insights to guide MAC
design. Under this abstraction, transmissions on different
links do not interfere with each other. However, unlike a truly
wired node, mm-wave network nodes have a half-duplex
constraint, i.e. they can only send or receive at a given time.
This allows MAC designers to concentrate on developing
lightweight protocols whose purpose is to schedule in a
“deaf” network, subject to half-duplex constraints.
Related Work. Directional networking for cellular, broad-
band, and WiFi-based multihop wireless networks operating
over lower frequency bands has been extensively studied in
previous work [1]-[3]. In [4], [5], it was shown that directional
transmission improves the connectivity of ad-hoc networks
by establishing long-range links even without using smart
beamsteering (i.e. using randomly directed beams). Most of
the directional networking proposals for multihop wireless net-
works employ a separate omni-directional mode for protocol
operation in order to avoid the coordination issues that arise
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from being fully directional (such as neighbor discovery and
deafness). This dual-mode operation is not appropriate for the
mm wave mesh networks, where very high directionality is re-
quired simply to achieve a reliable high data rate link. Further-
more, the directivity achievable at the lower frequency bands
is much smaller, so that the focus of MAC design in previous
work on directional networking is still on interference man-
agement. To the best of our knowledge, the present paper is the
first to consider mm wave mesh networks, and show quantita-
tively that the very high antenna directivities lead to very low
levels of interference even with uncoordinated transmissions.

II. NETWORK MODEL

For our interference analysis, we consider a Poisson
distribution of nodes over a large area with a density p,. If
we now randomly select a subset of N nodes as transmitters,
the distribution of transmitters on the area of interest is also
Poisson, with density p = ps;p; where p; is the probability
that the selected node is transmitting. For a large deployment
area A, we have p = %.

We assume that all the nodes have already completed a
network discovery procedure, and thus know how to steer
their antennas to each of their neighbors. We also assume
that each node can communicate with at most one other
node at any given time slot. In other words, we do not
rely on advanced physical layer capabilities such as spatial
multiplexing or multi-user detection. If multiple neighbors
are transmitting to the same receiver, at most one of them
can be successfully decoded by the receiver. All other
transmissions in the network act as interference for the
receiver. The amount of interference depends on the location
of the interferer relative to the receiver, and the radiation
patterns of the antennas at the receiver and the interferer.
We assume that a transmission is successfully decoded by
the receiver if the total signal to interference and noise ratio
(SINR) is above a given threshold, say 3 = 15 dB (which
allows for uncoded QPSK modulation at a BER of < 1079).
Otherwise, a collision occurs and the transmission is lost.

The standard Friis transmission equation gives the received
power as a function of range r as

A N2
Pp(r) = PTGRGT(E) e " )

where Pr is the transmitted power, Gr, Gr are the gains
of the receive and transmit antennas respectively, A\ is the
wavelength, and « is the attenuation factor due to absorption
in the medium. For a mm wave link at 60 GHz, A = 5 mm
and a can be as high as 15 dB/km. Since lower absorption
rates leads to more interference, we use the conservative
value of @ = 10 dB/km in our numerical results.

Consider the link budget for a 2 Gbps Line of Sight (LoS)
link at a range of Ry = 100m, which provides a baseline for
the rest of the paper. Assuming QPSK signaling, a desired
SNR of 15 dB, oxygen absorption loss of 10 dB/km, and 10
mW transmit power, we need antenna gains of about 24 dBi
at both transmitter and receiver in order to provide a 10 dB
link margin.

A. Directional Antenna Model

Directional antennas are characterized by their pattern func-
tions that measure the power gain G(¢,8) over the spherical
azimuthal and elevation angle coordinates ¢, 6. We assume
that all nodes are on the same horizontal plane, and do not
consider variation in beam pattern over the elevation angle 6,
and work with the normalized 2-dimensional pattern

o(g) & G120

———~ where Gaz = mgx G(¢,0)
The azimuthal beamwidth of the antenna is then given by

Gmaz (2)

s
Ap = 9(¢)d¢
p=-m
One idealization that proves to be very useful for our inter-
ference analysis is that of a sectorized “flat-top” directional
antenna, which has unit gain within its beamwidth and zero

gain outside. More precisely,

3)

9] < &2,

otherwise

“

While the flat-top antenna is an useful idealization, practical
directional antenna gains have a more complex dependence on
the azimuth angle. For instance, sidelobes in the gain function
could cause significant interference even in directions far from
the antenna boresight. While exact computation of the gain
functions of practical mm-wave antenna arrays can be messy
(because array elements usually are directional themselves),
we can obtain useful models with some simplifying assump-
tions. In particular, we obtain the following gain function for
an N element linear array in which each individual flat-top
element has beamwidth Ag¢y:

1 sin(& 7 sin ¢)
g((b) — N sin(%ﬂsinqﬁ) ’
0, otherwise

Ago
S

linear array
with 12 flat-top
elements

ideal
"flat-top"
antenna

Fig. 1.
elements.

Gain pattern for a flat-top antenna and a linear array of flat-top

Fig. 1 shows the beam patterns for a narrow beam flat-top
antenna and a 12-element linear array of broad-beam flat-top
elements. The beamwidth in both cases (as defined as in (3))
is the same, 20°.

III. INTERFERENCE ANALYSIS

We now investigate the validity of a pseudo-wired model
for the links in a mm wave mesh network, by analyzing the
probability of packet failure for uncoordinated transmissions.
Consider the transmitter-receiver pair shown in Fig. 2; without
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loss of generality, assume that the receiver is located at the
origin and is communicating with the transmitter located along
the X-axis, at a distance less than or equal to the reference link
distance R while undergoing interference from other concur-
rent transmissions. The other N7 — 1 interfering transmitters
are randomly placed over the area A, and are transmitting to
receivers located at randomly chosen orientations.

Fig. 2. The geometry of interference with directional antennas.

In their well-known work on wireless network capacity [6],
Gupta et al introduce two different models of interference. In
the protocol model, a packet loss occurs if and only if there
is some interfering node whose signal at the receiver exceeds
a given threshold. In the physical model, a packet loss occurs
when the fotal interference from all nodes exceeds a given
threshold. The models are summarized as follows:

P P. > lF)
Pr(collision) £ {Pi Em%f’(f 1kPk > 0])30)

(protocol model)
(physical model)

where Py, is the power at the receiver of the signal from the
k’th interferer. Since Zk P, > maxy, Py, it follows that the
Pr(collision) for the physical model is lower-bounded by the
corresponding value for the protocol model. We first derive
an expression for the collision probability under the protocol
model for the flat-top antenna, and extend the derivation to
more general directional antennas, and then to the physical
model. Our derivation is similar to the analysis of localization
error in [7].

A. Protocol model with ideal flat-top antennas

For the ideal flat-top antenna, only interferers located within
the boresight of the receiver can cause a collision. Further, a
transmitting node within this sector causes interference only
if the receiver is within its boresight, which has probability
q= %‘f (since the potentially interfering transmitter is sending
to a randomly chosen receiver). Let R; be the interference
range i.e. the maximum distance an interferer can be from the
receiver and still cause a collision. Using (1), the signal and
interference powers are evaluated as:

A N2,
Pr=Py = PG (g ) o™ ©
A2 op
Pmterf - PTGTVL(LL <47TR) et (7

where we used G = Gr = G, for the antenna gains
assuming that the interferer and the receiver are within each

other’s boresights. We set Pp = Py: when the transmitter and
receiver are steered towards each other, this is the signal power
designed for at the reference distance Ry. Using the collision
condition Pjterf > %PO, we can rewrite (7) as:

R?

R2

which determines R; as a function of the SINR threshold (.

The number of potentially interfering transmitters is there-

fore a Poisson random variable with mean pA;, where A; =

1A@R?. The probability of any of these actually causing a

collision is g, so that the number of interferers N; causing a

collision is also Poisson, with mean gy;. The probability of a
collision is therefore given by

e¥(Ri—Ro) _

=/ (®)

Pr(collision) = Pr(N; > 0) =1 — e 9)
— ] — e (AdJ) pR1 =1- _ﬁpRgAc’
Ad)2
where A(; £ %6701(1%1'—]%0) (10)

For a beamwidth of A¢ = 10°, 3 = 15 dB and pR3 =
(corresponding to roughly mpR2 ~ 3 transmitting nodes
within communication range of each receiver), (10) gives
an estimate of Pr(collision) =~ 3.7%, which suggests that
acceptable MAC performance may be possible with minimal
coordination for interference management.

B. Protocol model with general directional antennas

We now generalize (10) to a general directional antenna.
We first compute the probability of collision due to a single
interferer at a fixed location at a distance r, and angle ¢,
relative to the receiver as shown in Fig. 2. The angle ¢-
represents the direction of the interferer’s beam relative to
the receiver. We model ¢;, ¢2 as independent and uniformly
distributed over (—, 7], given the random orientation of the
interfering transmitter and its beam relative to the desired
receiver. Signal power is still given by (6), and the interference
power is:

A 2
Pinters = PrG,,9(60)9(00) (1) e D)

where we used Gr = Gmazg($1) and Gr = Gz g(d2).
Using (6), we can rewrite (11) as
) —a(r—Ro)

that this interferer would

Pinterf - POg (7251 (12)

Therefore the probability p.(r,
cause a collision is

(3
$1)

pc(ra ¢1) é PI‘ (Pinterf Z %PO)
_ 1,72 a(r—Ryp)
=Pr(g(61)9(02) > (7))

1 s

2

—T

where 1(.) is the indicator function that takes the value 1
when its argument is true, and 0 otherwise.
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Consider now an interferer placed at random within a large
area A. Then the probability of collision p. can be obtained
by averaging (13) over all possible positions of the interferer:

/ / Pe(r, &) rdr ey

(r,p1)€EA

_ Bl / pe(V/BRot, 1) #di déy

7,01

(14)

where we set 7 £ L R , 1.e. 7 is the distance of the interferer

normalized to the reference link distance Ry and interference
threshold 3. Using (13) in (14), we get

e gfﬁ///z Ustorsaton) 2 e (77-1))

7,é1

dog 7dr dpy (15)
We now let the area A become infinitely large and cover the
whole plane. From (2), g(¢1) and g(¢2) are upper-bounded
by 1. We therefore only need to consider 7+ < e$ in (15),
because the argument of the indicator function 1(.) in (15) is
always false outside this range. Then we have

A
Pe = /BRSZ, where (16)

ek )

P1,¢p2=—7

9(2) > e ko (VB 1))

dpo Tdr dpy 17)
We now consider Ny — 1 = pA interferers placed randomly
in the area A. Each interferer has a collision probability p.
with the receiver given by (16). A collision occurs if at least
one of these interferers cause a collision, and its probability
is given by

Pr(collision) = 1 — (1 — p.)N71 =1 — Alim (1- B8R

=-1— e—ﬁpRoAc (18)
Since (18) has an identical form to (10), the collision probabil-
ity depends on the antenna pattern only through A.. Thus, for
the protocol model, we can restrict attention to an equivalent
flat-top model whose beamwidth can be calculated from (10)
and (16) as Agpe, = /4w Aze? (Fi=Fo) For instance, a linear
24-element linear array of flat-top antennas of sector size
120° and half-wavelength spacing has an equivalent “flat-top”
beamwidth of about 15° for oo = 10 dB/km. Fig. 3 shows the
equivalent “flat-top” beamwidths for linear arrays of different
numbers of flat-top elements and half-wavelength spacing; as
seen from the figure, the “flat-top” beamwidth is numerically
close to the algebraic beamwidth given by (3) and does not
vary much with the SINR threshold 5.

eyt

C. Physical Model

In the protocol model, only nodes located within a bounded
distance from the receiver are capable of causing a collision.
On the other hand, for the physical model, interfering signals
from a large number of far-away transmitters could, in
principle, sum up at a desired receiver to cause packet failure.
It turns out that traditional upper bound techniques such as
Chernoff and Markov-type bounds do not work well when
characterizing sum interference over a large area. We therefore
use a hybrid approach, using an analytical Markov upper
bound to characterize the effect of “far-away” interferers, and
characterizing the sum interference from interferers within a
bounded region through Monte-Carlo simulations. Let r; be
the distance of the k’th interferer from the receiver. We write
the total interference power as the sum of two contributions
Preqr and Py, defined as:

Ppar 2 Y, Py and P2 Y P (19
{kZTkSRth} {k:rk,>R,,h,}
where Ry, is a suitable large distance, say R;, = 40R,.
Then we have
1
Pr(collision) = Pr (Pnear + Pror > BPO)
1 1
< Pr(Ppor > BAP) + Pr (Prear > B(PO — AP))
E[Pfar] 1
< Pr (Phear > =(Py — AP 2
<aps 1 (Poca 5P ) (20)

where we used the Markov Inequality to bound the first term in
(20). The expectation in the first term is readily evaluated as:

Pfar =5 / // P()g ¢1 ¢2) —olr=fo)
P=Rip ¢1,02=—7
rdr do, dos
I - 7
= 27{ PU(pRo)e r dr
r=Rp,
< (B9)? Po(pRS) a(ro-un) @1
~ 27 aRqp

D. A pseudo-wired abstraction

Figs. 4 and 5 show the collision probabilities for ideal “flat-
top” arrays and for linear arrays with pR3 = 1 and o = 10
dB/km and beamwidth=10° and different values of the SINR
threshold 3. The probabilities were computed analytically
from (18) and also from (20) where the second term in (20)
was evaluated by the use of Monte-Carlo simulations and the
first term from (21) with Ry, = 40Rg and AP = Py —30 dB.

We observe that when the desired SINR [ increases beyond
about 15 dB, the probability of collision approaches 10%.
However, for the parameters corresponding to the reference
link budget described in Section II, the collision probabilities
are very small (less than 4%). Furthermore, in this highly
directional regime, the probability of collision under the
physical model does not appreciably differ from the protocol
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model. This indicates that we may not need to worry about
far-away interferers or the details of antenna beam patterns
(using the notion of the equivalent flat-top beamwidth).
We conclude that the MAC designer can use the following
pseudo-wired abstraction: as a starting point: (1) Half-duplex
constraint. Each node can either transmit or receive at any
given time but not both. (2) No interference. Transmissions
between two distinct pair of nodes are unlikely to interfere
with each other, and can be largely ignored in MAC design.

IV. MAC SIMULATIONS

To verify the pseudowired abstraction, we simulate a naive
slotted Aloha protocol (prior studies on slotted Aloha with
directional communication include [8]-[10], but our goal is
to examine the relative effects of interference and deafness
on performance). We note that far better performance can be
obtained using more sophisticated MAC designs; this is a topic
of ongoing research to be reported in later publications.
Simulation set-up: We consider random network topologies
with 25 or 50 nodes spread over a 500m x 500m flat terrain.
Every node initiates one constant bit rate (CBR) flow to
each of its neighbors. Whenever a node has a new packet to
transmit, it beamforms towards the direction of the intended
receiver and transmits the packet in the next slot. If the node
does not receive an ACK, it attempts to retransmit the packet
with a probability p,..¢, over the next slots. A node returns to
the unbacklogged state after every successful packet transmis-
sion. We consider a sectorized antenna design with each sector
covered by an array of high-gain horn elements (e.g., a linear
array of four horn elements of directivity 18dBi each achieves
the total directivity of 24dBi, with the horizontal sector-span
of 20 degrees.) We use the QualNet Network Simulator [11],
modifying the QualNet PHY and Antenna modules to model
propagation in the mm-wave band and our link budget design.

Fig. 6 shows (for 25 nodes) the aggregate network
throughput versus network load, with p,e, = 0.1. The
throughput is significantly higher than with omnidirectional
Aloha. Fig. 7 plots the empirical cumulative distribution
function of the per-flow throughput for slotted Aloha for an
input per-flow rate of 300Mbps for 25 and 50 node random
topologies over a fixed terrain. Clearly, naive Aloha does not
achieve anywhere near fair resource allocation among flows.
The average throughput per flow decreases with node density:
having more neighbors makes transmit-receive coordination
more difficult, and increases interference. However, packet
losses due to failed coordination are an order of magnitude
higher than those due to interference: the fractions of failed
receptions relative to the total received packets because of
interference and failed coordination are 2.2% and 35.7%,
respectively, for 25 nodes, and 5.6% and 47.2% for 50 nodes.

V. CONCLUSIONS

We have pointed out how the unique physical layer
characteristics of mm wave links impact MAC design.
Our interference analysis framework enables a quantitative
evaluation of when we can model highly directive links as
pseudo-wired. For the directivities typical of mm wave nodes
with compact form factors, the pseudo-wired model is indeed
appropriate, which motivates a radically different approach
to MAC design. Rather than focusing on interference
management as in conventional MAC design, we must now
devise scheduling mechanisms that address deafness.
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