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Abstract— The large amounts of bandwidth available in the

millimeter (mm) wave band enable multiGigabit wireless net 555

works with applications ranging from indoor multimedia net- 200 T
working to outdoor backhaul for picocellular networks. Carrier SSSQ PSSty
wavelengths in this band are an order of magnitude smaller \w*u't,——") T

than those for existing cellular and WiFi systems, resultig in ,.—;;// M

a drastically different propagation geometry. Omnidirectional - —

transmission is essentially infeasible because of the ireased —

propagation loss at smaller wavelengths; on the other hand, = Wireless backhaul links

highly directive transmission and reception with electrorically ~ MM Wave meshnode

steerable beams can be achieved using compact antenna arsay @) (b)

Thus, in contrast to the rich scattering environment at lowe

carrier frequencies, a small number of paths are dominant fo  Fig. 1. The two scenarios examined include (a) a lamppasgdackhaul
directional mm wave links. The small wavelength also implig that ~ deployment and (b) an indoor mm-wave MIMO link.

spatial multiplexing gains can be obtained even in Line of $jht

(LoS), or more generally, sparse scattering, environmentsvith

antennas with moderate separati_on. In this paper, we exam'm_the A. Consequences of small

consequences of these observations for two scenarios. Thetfis a

lamppost-based outdoor deployment, where we model fadingus We begin with some comments on the consequences of a

to ground and wall reflections, and examine MIMO techniques small carrier wavelength. The Friis formula for free space
for _combati_ng fading. The second is for spatial multiplexirg for propagation implies that the path gain scales)\36'1Gr,
an indoor link, where we model the number of eigenmodes as a .
function of form factor, and examine the effect of blockage. where )‘ denotes t.he (.:e}rrler wavelengtlir denote.s the
transmit antenna directivity, an@'r denotes the receive an-
|. INTRODUCTION tenna directivity. For fixed antenna directivities, theref the
Millimeter wave communication corresponds to the nextropagation at 60 GHz is 21 dB worse than that at 5 GHz.
big leap in wireless technology. The large amounts of uniince it is more difficult to generate power at 60 GHz than at
censed and semi-unlicensed spectrum in this band (edpecial GHz, omnidirectional transmission is essentially infieles
the 7 GHz of unlicensed bandwidth in the 60 GHz bandipr mm wave links. Fortunately, it is also a consequence
together with the development of low-cost silicon realimas of the small wavelength that it is easier to realize highly
of mm wave radio frequency integrated circuits, imply thalirective antennas: for a given effective area (which ddpen
commercially viable multiGigabit wireless technology isw1 on form factor), the directivity scales ag;. Thus, if we
within reach. The carrier wavelengths in this band are dix the effective area (which essentially scales with therfor
order of magnitude smaller than those in existing cellufad afactor), the overall path gain scales a3GrGr ~ 5%, SO
WiFi networks. As a result, the propagation and interfeeenthat 60 GHz becomes 21 dB better than 5 GHz. Electronically
characteristics are drastically different from our cutrexpe- steerable arrays of compact printed circuit antennas rfatjee
rience in wireless network design, and demand new modelsmpactness is a consequence of the small wavelength) can
and design approaches, both at the physical and higherslaybe used for realizing such directional links without remgr
Our purpose in this paper is to highlight how mm wavenanual pointing. As a consequence of this directivity, the
Multiple Input Multiple Output (MIMO) channels differ from multipath environment at 60 GHz is much sparser than at
their counterparts at lower carrier frequencies. To this, @e lower carrier frequencies (many potential paths fall alési
investigate channel models for two scenarios. The firstrigfo the beamwidth of the transmit or receive antenna).
typical link in a lamppost-based outdoor deployment (day.,  While antenna directivity leads to a sparser multipath ehan
a mesh backhaul), where we model fading due to ground amel, another consequence of the small wavelength is that
wall reflections, and examine MIMO techniques for combatinigg becomes possible to obtain a high rank MIMO channel
fading. The second is for spatial multiplexing for an indodoy using multiple antennas spaced several wavelengths apar
link (e.g., for streaming high-definition television fromsat- (each such antenna can be a steerable array), while stpl kee
top box to a television set), where we model the number wfg the node form factor compact. Thus, spatial multiplgxin
eigenmodes as a function of form factor, and examine tlean be achieved even in a line of sight (LoS) environment,
effect of blockage. rather than requiring a rich scattering environment as\aefo



carrier frequencies. Yet another consequence of the smiallink distance) is optimal for achieving spatial multipieg
wavelength is susceptibility to blockage: obstacles sush gains over a LoS channel [15]. Additionally, greater emhas
humans look much bigger at 60 GHz than at 5 GHz. Burnirig placed on illustrating link performance as a function ofla
through such obstacles is not a viable option (the loss dueposition within the environment.
blockage by a human can be as much as 30 dB). Thus, any
60 GHz network must have some means of avoiding, steering
around, or otherwise adapting to, obstacles. This issueoi m In an outdoor urban environment, we characterize the re-
significant for indoor applications. ceived signal power and the channel capacity of a SISO system

Finally, we make the general comment that the small carriand a2 x 2 MIMO system using a ray-traced channel model.
wavelength implies that small changes in the propagatien deis demonstrated that thex 2 MIMO system achieves robust
ometry can produce drastic changes in the space-time chanperformance, solving one of the fundamental issues of imgjld

an outdoor millimeter wave network.

II. MODELING AN OUTDOOR"“L OS” LINK

B. Two Case Studies

In this paper, we consolidate results reported in two of o&‘ Outdoor channel model and properties
recent publications [1], [2], demonstrating the effeatiess of 1) Environment geometryWe consider a typical link for
ray tracing for modeling the relatively sparse multipath6 a lamppost-based deployment, with transmitter and receive
GHz channels. placed on lampposts located on one side of a straight road. It
We first consider an outdoor link whose propagation geort$- assumed that there are buildings higher than the lamppost
etry corresponds to a lamppost-style deployment [1]. Wevsh@long the street, which contribute to multipath reflectidrtss
that, for the directivities considered, the channel is datéd assumption corresponds to a worst-case scenario: thecbsen
by a relatively small number of paths, corresponding to gcou of the high buildings along the street results in fewer réfléc
and wall reflections, but that small changes in ranges af@ys, which in turn causes smaller fading effects. The gégme
heights can lead to severe fading. We also show, howevér, tisadepicted in Fig. 2: (@)Y, (wall distance) denotes the
the diversity provided by two appopriately spaced antennéistance between the reflected building and the lamppokt, (b
(each of which may be a steerable array) suffices to combds the width of the street, (c¥s; denotes the propagation
such fading. distance, (d)f; and «; denote the incident angle and the
The second scenario [2] is an indoor link between twdirect angle (the complementary anglefpf, respectively. Our
devices whose form factors correspond to typical electrorfinodel also includes the ground reflection (not shown in the
devices such as set-top boxes, television sets and lapidgps.figure).
first note that spatial multiplexing is available even in LoS
environments when antennas are separated by distances of
the order of centimeters, since these correspond to severakai
wavelengths (again, each of these antennas would typically
be an electronically steerable antenna array); this is dn ol
result, but becomes particularly relevant at small wavgties
We then explore the limiting number of eigenmodes as a

,,,,,,,,,,,,,,,,,,,,,,,,,

significantly as a function of geometry when taking into +

account reflections and blOCkage' Fig. 2. Top-down view of outdoor propagation geometry iitasng LoS
and wall reflected paths up to the second order.
C. Related Work

Outdoor channel models for a city street environment, with 2) Link budget and antenna desigiVith the assumption
omnidirectional antennas at 2 GHz, have been investigatidt the vacuum-material interface is smooth and infinite,
in [3], [4]. However, the channel characteristics for highlthe perpendicular and parallel reflection coefficients can b
directional 60 GHz links differ significantly from such mod-calculated from the corresponding Fresnel reflection féasiu
els. 60 GHz mesh networks have been investigated in [$]].

[6], where it is shown that the design of medium access For our nominal link parameters, we consider 2 Gbps QPSK
control protocols must be rethought, in order to account fink over a distance of 200 m with 1.5 GHz bandwidth.
the deafness and reduced interference due to directipnaltithout fading, for an uncoded Bit Error Rate (BER)idf?,
However, these studies did not account for the fading causbé transmit power must be higher than 24 dBm, assuming
by reflections, which is the focus of our first case study. antenna directivities of 20 dBi, a link margin of 10 dB, and

The capacity of an indoor 60 GHz MIMO link was previ-a receiver noise figure of 5 dB. Rain attenuation [8] is not
ously studied in [14]. The authors considered relativelakbm considered here, as our focus is on modeling multipath éadin
inter-antenna spacingsX2where\ is the carrier wavelength) Antenna Design:One possible approach to obtain a 20
whereas in this work, we leverage prior results showing éhatdBi antenna directivity is to employ a linear array of endfire
larger antenna separation (i.e. on the ordex/@), whereR antenna elements witk)° horizontal beamwidth30° vertical



beamwidth and half-wavelength spacing. For our numerical 20 - _
.. . . . —— Multipath propagation
results, we use the radiation pattern for a printed circuit —— free space propagation
antenna built at UCSB [9] for each antenna element. ]
3) Six-ray Channel ModelOnly reflected rays with rela-
tively small direct angles (see Fig. 2) contribute signifity
to the strength of the received signal. Consider the folhawi
parameters as an example: street width df 12 m, wall
distance {.q;) of 4 m, the lamp post height,,; of 5 m,
and propagation rangel) of 200 m. Since the horizontal
beamwidth of the transmit and receive antennas is v0fyin
our scenario, it is sufficient to consider the building reftats 0 50
upto the 2nd order, where the order is defined as the number
of reflections impinging on the wall before reception. Fig. 3. Received signal power of the SISO channel as a
As a consequence, the six-ray channel model considered in function of the transmission range
this paper includes the LoS path, the ground reflected ral, an 1 ‘ .
1st and 2nd order wall reflected rays from buildings on both —>— N, varies, d=4m
sides of the road. The complex baseband representatioe of th
received signal can be written as [10]
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where u(t) denotes the complex baseband transmit signal, THO 00 cowed power (@B
VG is the product of the transmit and receive antenna field
radiation patterns for the LoS path, ardG; denotes the Fig. 4. CDF of received signal power of the SISO channel

product of such patterns along tifé¢ reflected paths/, and
d; are the length of the LoS path and té reflected path
respectivelyR; is the product of theet reflection coefficients same setting in the previous running example: the trangniss
along thei*" path and the delay spreaqd = (d; — d,)/c :

. : . ranged, = 200m and the street width = 12m. In Fig. 4,
denotes the ’(tj}ifference in propagation delay between the Lf??é; Cumulative Distribution Functions (CDF) of the receive
path and the'" reflected ray.

In order to focus on the effect of spatial geometry, W3|gnal strength are plotted as either the antenna heighatr w

assume that the transmitted signal is narrowband relatitiest Istance is ra_ndomly sele(_:teq over the .|nterval [5m,8m] or
. . 4m,20m], while the other is fixed. This figure demonstrates
channel coherence bandwidth (this would be true, for exampﬁ

for each subcarrier in an OFDM system). Thus, we use tl;]hat, with a refatively high probability, the received sign

e S .
approximationu(t — =) ~ u(¢), and obtain the following power exhibits significant fades below, ;s (the received
expression for the received signal power:

power in the free space propagation).
The previous results state that the spatial diversity isress

A\ VG > Ri\/Gie 70¢: 2 tial to provide a robust link for the envisioned 60 GHz mesh
Pr=h A ds Z d; (@) network. In the next subsection, we show tha a2 MIMO

=1 system with an appropriate node geometry can be employed
where Ag; = 2m(d; — ds)/ ). Fig. 3 demonstrates that thefor this purpose.
received signal power fluctuates drastically for large grais-
sion ranges as a consequence of the destructive combina
of the reflected rays and the LoS ray.

4) Statistical Distribution of the Received Signal Power: We now investigate & x 2 MIMO system. We utilize
In the previous discussion, the received signal was andlyz&hannon capacity as a benchmark to illustrate the perfarenan
under the assumption of the static geometry environmeggins relative to the SISO system, while noting that there
which means that the antenna heights and wall distances are significant challenges in the design of multiGigabihaig
both fixed. However, in practice, wall distances and antenpeocessing architectures that would approach these ¢igsaci
heights inevitably vary significantly across differentwetk Under the same narrowband signal assumption, the spatial
deployments. Spatial variations on the order of centinsetathannel can be expressed as:
are inevitable, and could contribute to significant fluctrad
of signal strength due to the small wavelength. We use the y=Hx+w 3)

g(.)rMIMO diversity
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Fig. 5. CDF of the Relative Power of>x2 Fig. 6. Variation of channel capacity with théig. 7. Variation of channel capacity with the
MIMO channel wall distances antenna heights

where (1)y is the 2 x 1 received signal vector, (2H capacity than this nominal system with high probabilityu$h
denotes the x 2 channel matrix, (3% represents th@ x 1  two antennas appear to suffice to handle the sparse multipath
transmitted signal vector and (%) denotes th& x 1 additive in our propagation environment.

white complex Gaussian noise vector with covariance matrix “ R
Ny, 0 I11. INDOOR"“L OS” SPATIAL MULTIPLEXING

Cu = 0 Ny | The elements of the channel matrix are We turn now to an indoor environment, where we wish to
calculated using ray tracing with the six ray model discdsseee how far we can push the limits of spatial multiplexing
earlier. We find that roughly\ separation between the twowith nodes of relatively small form factors, taking advayga
antennas along the horizontal and vertical axes works wefl the small carrier wavelength. We begin by providing a
(the horizontal separation provides diversity against\wial rough bound on the spatial degrees of freedom available to
reflections, while the vertical separation provides diigrs a LoS MIMO link when array sizes are constrained to the
against the ground reflection). dimensions of typical electronic devices. We then proceed t
1) Numerical Results:We compute the received signalexamine how node placement and array alignment impacts the
power and channel capacity for three standard strategigs: whannel capacity of an indoor mm-wave MIMO link.
terfilling [11], the use c_)f the dor_mnant elgenmpdetransmrs_s A. Limits on Spatial Multiplexing Given Array Length Con-
[10] and the Alamouti space-time code [12] in the fouow'n%traints

discussion. ) ) )
Received Signal Powern order to quantify the perfor- We consider two\/2-spaced uniform linear arrays (ULAS).

mance gain of the MIMO system, we compare the chafne array has lengty = 1/3 m, typical of the width of a set-
nel capacity of the MIMO system with that of free spacP box or laptop computer, while the other array is of length
propagation case by defining tiRelative Powera as: ¢ = [r = 1 M, corresponding to a display. Given thgt2 ~ 2.5
log,(1+aSNRy,), whereSN Ry, is the corresponding SNR MM at 60 GHz, the first array hasy = 133 elements and
with free space propagation. The Relative Power is shoffif Sécond hadVy = 400. Although these arrays contain an
in Fig. 5, wherea; and a, denote the Relative Powers forMmpractically large number of elements, our motivationenisr
the corresponding channel with the first or second eigenmd@echaracterize the potential for spatial multiplexing ih@S

respectively,auiamonsi represents the Relative Power usin§nvironment given array length constraints.
the Alamouti code. We note that the relative powers of the 10 determine the spatial multiplexing capability of these a

dominant eigenvaluea() and the Alamouti ¢aiamouti) are rays in a pur]evly LJ\([)S channel, we calculate 'Fhe singular walue
much higher than 1 (i.e., than the power is higher than #f Hros € C#*7r, the LoS channel matrix. Then, njth
a nominal SISO system without multipath) under variatiof@try of Hros, representing the (normalized) complex gain
of either antenna height or wall distance. Since the redatiffOm thenth transmit antenna to theith receive antenna, is
power of the second eigenvalues) is smaller than 1, a 9iven by
waterfilling algorithm utilizing both channels might achée L ) Pros(1,1) (=128 pLos(m,n)) @)
smaller received power relative to the dominant eigenmade o Los(m;n PrLos(m, n)e
Alamouti strategies, even though it attains a higher caypaci
Channel Capacity: The channel capacity of three MIMO
schemes is plotted as a function of wall distance and antermaerep;,,s(m, n) is the path length between thgh transmit
height in Fig. 6 and Fig. 7. As expected, the waterfillingntenna andnth receive antenna. The normalization constant
scheme achieves the highest channel capacity, but it alsqs(1, 1), though unnecessary here, is used in later simula-
exhibits significant fluctuations due to variations in thgesi- tions.
value spread. The channel capacity of the SISO system withThe singular values oHy,s are calculated as the link
fading is much smaller than that of a nominal truly LoS SIS@nge varies from 0.5 m to 10 m. Broadside alignment of
system, but all three MIMO schemes achieve higher chanttleé arrays is assumed throughout. At every link range, we

~  e(miFPLos(mn) (5)
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Fig. 8. Spatial degrees of freedom in a LoS environment givear arrays eflection paths.

of lengths Ly =1/3 mandLr = 1 m and a carrier frequency of 60 GHz.

. .. and receiver exists. These assumptions stand in opposition
observe some singular values that are orders of magmtt{ e . ) .
€ flexibility and convenience users have come to wireless

larger than the rest. We take the number of such singulaesaltge hnologies, and in practice, these assumptions arealylik

to b.e the spatial degrees .Of fr.eedom, since they correspcgg%mld. This motivates us to characterize the performaiiee o
to eigenchannels over which independent data streams &a

n. . ; .
be transmitted reliably. Defining thih singular values; as ayleigh-spaced array under more typical usage scenagos,

. e 9 . . —__when a user places the transmitter within a room at his or her
dominant ifof > Ng, Figure 8 plots the number of dominant . . I )
convenience and when with the possibility of blockage exist

singular values as a function of link range, assuming the t . : ) .
arrays are aligned to the broadside of one another. We o@sﬁ’rthe“ the effect of multipath reflections will be incorpted

at least ten dominant singular spatial degrees of freedan 0\|/nt0 the channel model.

the range of interest. C. Channel Model and System Architecture

B. Optimal Array Configuration We introduce a ray tracing based channel model corre-
nding to the simple indoor environment depicted in Fig.

constraints representative of typical electronic devicg- - As .shown in this top-down view, a transmitter centered at
nificant spatial multiplexing gains are possible over a Lo%POrdinatesz,y) sends data to a receiver centered on the front
channel. The arrays under consideration, however, cedsist/all- The received vectoy < CHx1is given by

pf an impractically IargeT number of elements. Fortunatitly, y = B(HAx + w) @)

is possible to substantially reduce the number of antennas

while preserving all available degrees of freedom. In facyjith channel matrixiH € CN#*N7, precoding matrixA €

N antenna elements per array are sufficient to realizeVall CV7*, spatial equalization matriB8 € C**"=, transmitted
degrees of freedom that are available at a given radgehis  signal vectox € CX*1, and additive white complex Gaussian
is achieved by choosing the inter-antenna spacing ofNhe noise vectow € C**! with covarianceCy, = Nolx, where
element ULA such thaH;,.s is a (scaled) unitaryV x N Ig is the K x K identity matrix. The channel matri¥ is
matrix. The minimum spacing that achieves this conditiomodeled as

assuming broadside array alignment, is given by the Rdyleig H = Hp.s + Hg + Hy (8)
spacing criterion:

The previous section demonstrated that, given array len

R where Hr,.s, Hr, and Hy, are the contributions of the LoS
drdp = N (6) path, right wall reflected path, and left wall reflected path,
éespectively. Higher order reflections are disregardechis t
ﬁi?mulation due to the additional path loss and reflectios los

ey incur, as well as the directionality of the antennasdo b
gonsidered.

H;,.s is constructed as before, while tfig:, n)th entries
of Hg andHy, are given by

where dr is the distance between adjacent transmit arr
elements andp, is the distance between adjacent receive arr
elements [15].

The Rayleigh spacing criterion, which maximizes the Lo
channel capacity over alN-element linear array configura-
tions, rests on three important assumptions: first, theysuaiee
precisely aligned; second, the link range is fixed and known

_ pLOS(17 1) —iZ pr(m,n)
a priori; and third, a direct LoS path between the transmitter hr(m,n) =T (0r) ol 5o ) ©)

pr(m,n)
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respectively, wher@r(m,n) (pr(m,n)) is the length of the
path from thenth transmit antenna to the point of reflection on
the right (left) wall to themth receive antenna. The angles of Fig. 11. Plot of channel capacity as a function of transmigtesition.
incidence off the right and left walls are given By andé;,
respectively. An expression f@¥(#), the perpendicular Fresnel
reflection coefficient, can be found in [7]. Rayleigh spacing criterion, at link randge= 4 m. We assume
System architecturethe inter-element spacing of the transeach subarray consists dff = 5 half-wavelength spaced
mit and receive arrays is set tb= /AR/N according to antenna element£/N, is 10 dB. The dimensions of the room
the Rayleigh spacing criterion witle equal to the expected are 8 m by 8 m. The reflection coefficient is computed using a
link range andN equal to the number of array elementscomplex dielectric constant ef= ¢, — jo ), wheree, = 4.44
To provide the necessary directivity, we assume each of thed o = 0.001 are chosen as suitable parameters to model
N elements is actually a/2-spacedM-antenna subarray, plasterboard walls [14]. The receiver is centered at coaiteis
which, at millimeter wavelengths, could be implemented &4, 0) m and the capacity is calculated when the transmitter
a monolithic beamforming integrated circuit. This arrdy-ois centered at coordinatés, y) with 0 m < z,y < 8 m. The
subarrays approach provides the necessary directivityt-to @ansmit array is parallel with the front wall, unless othise
tenuate unwanted reflections when the LoS path is presafdted.
On the other hand, if the LoS path is blocked, the subarraysFig. 11 plots the channel capacity as a function of the
can be used to beamsteer the signal along reflected pathgasmitter coordinates. We first observe that spatial imult
The overall number of physical antenna elements per arfgixing gains boost the channel capacity throughout most
is thenNy = Ngr = NM. The proposed system architecturgf the room. Fluctuations running parallel to the side wall
is depicted in Fig. 10 withV = 2. are a result of constructive and destructive interference o
Signals are transmitted along thestrongest eigenchannelsihe reflected signal with the LoS signal. The reflected signal
as follows. Let the singular value decomposition (SVDJDf components, however, are weaker than the LoS channel com-
be denoted bl = USV", with the ordered singular valuesponent and these variations in capacity are relatively lsmal
o1 > 02 > -+ > ox comprising the diagonal elements Bf  More significant fluctuations occur when the transmitter and
A is then the firstV columns ofV andB is the firstN rows of  receiver are brought within a close proximity of one anather
U, The rows ofB are orthonormal, and hence the statistics qfhich appear as a series of light and dark rings. These dips
noise termw are unaltered by the spatial equalization procesg. capacity indicate an ill-conditioned channel. The reeei

x (m)

The channel capacity is given by array responses to the two transmit elements become highly
N Po2 correlated and spatial multiplexing gain is lost. This efffe
C = Zlog (1 + #) bits/s/Hz (11) can be mitigated by adding more elements (subarrays) to the
i=1 0 receive array [2].

P; is the water-filling power allocation for théh channel ~ We model blockage by excluding the LoS component from
given by P, = (u — No/03)+, wherey is chosen to satisfy the composite channel matrix, i.él = Hp + Hg. The
total power constrain}_, P, = P anda* is max(a, 0). transmitter and receiver beamsteer towards one (or both)
] reflected paths. Fig. 12 plots the capacity of the non-lifie-o
D. Numerical Results sight (NLoS) channel. The transmit power has been increased
We now compute the channel capacity assuming the pioy 10 dB to offset the additional path and reflection losses.
posed architecture operates in the environment depictédjin We observe that the channel capacity remains consistegtly h
9. For simplicity, we assume two subarrays per node. Thhen the transmitter is placed in the back half of the room
subarrays are separated dy= 0.1 m, which satisfies (6), the (4 m < y < 8 m). When the transmitter is placed in the



capacity, but provides improved performance in the non-LoS
18 scenario because the transmitter can always reflect a signal
off either side wall. In the third case, the transmit direoti
is a uniform random variable chosen in the rafg60°, 90°]
14 with the two extreme values corresponding to the transmitte
pointing to the left and right walls, respectively. In thestla
case, the transmitter points to (and is parallel with) thithésst
side wall. It is observed that when the LoS path is blockesl, th
average channel capacity is highly sensitive to array aligmt.
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6 IV. CONCLUSIONS
4 The two case studies here demonstrate that the propagation
geometry at 60 GHz is very different from those at lower
carrier frequencies. The space-time channel is well madele
by a small number of rays, so that ray tracing becomes a very
effective tool. Fading is still a problem, since the chanisel

! . . I extremely sensitive to small changes in the environment. Ou
Fig. 12. Plot of channel capacity as a function of transmipisition when . . I . .
the LoS path is unavailable. Transmit power has been inedebg 10 dB to capa_C|ty compgtatlons show that mU|t|G|gab|t rates areduad
offset reflection losses. possible by using channel bandwidths of the order of a GHz;
in indoor environments, spatial multiplexing makes it polss
in principle, to reach 10 Gbps speeds on a 1 GHz channel. The

2

- g -
Q
0 1 2 3 4 5 6 7 8

X (m)

1 T T T

[0S TX porming a R S challenge now is to realize such links, and to build effetiv
0911 7.7 [0S: Random T arecion |/ ,’5( 1 networks based on these links. This involves answering & hos
08l T " Nos oomeatm i ] of interrelated questions. How should antennas be placed on
ol T NrOS: 1X parallel with front wall 1] | nodes for beamsteering and spatial multiplexing? How shoul
— — — NLOS: TX pointing at far side wall e signals be routed to and from these antennas (sending 60
&% oV 1 GHz signals over “large” distances—relative to the wavglen
g osf ! . is too lossy)? How should spatial signal processing be done
’-é

(at RF or baseband or a blend thereof)? How do we han-

dle the bottleneck of analog-to-digital conversion (ADQG) a

multiGigabit rates (high-speed, high-precision ADC istbos

: and power-hungry [13])? How do adaptive mechanisms at the

physical, medium access control, and routing layers iotera

taking into account factors such as deafness, the overtmehd a

2 14 16 18 20 efficacy of beamsteering, diversity at the node and linklgve
and tradeoffs between spatial multiplexing and spaceidivis
multiplexing? In short, a significant new effort in crosyda

Fig. 13. CDF of the link capacity assuming random placemedt\&rious  desjgn, starting from the physical geometry of the nodes and

alignments of the transmit node. LoS indicates that the Laif [s available . . . .

working up to the network layer, is required to truly exploit

and NLoS indicates that it is blocked. The transmit powen@éased by 10 - R
dB in the NLoS cases. the potential of 60 GHz communication.
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