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Invited Paper

Abstract— This paper addresses several important issues re- operation to the inside of a room in an indoor environmert, th
garding the operation of switched and adaptive beamforming effective interference levels for 60 GHz are less severa tha
techniques. The performances of these techniques are comed 1,/ systems located in the congested 2-2.5 GHz and 5-5.8
using arrays that employ various numbers of directional anenna GHz bands. In additi in 60 GH higher f
elements. The effect of misalignment between the directionf Z banas. In a |.t|0n, m. : z syste-ms, 'gher rquency
arrival of the incoming signal and the receiver beam-patten T'€USe can be achieved in indoor environments leading to
is analyzed. The performance degradation due to the angular very high throughput networks. The compact size of the 60

spread of the arriving signal is also investigated. Itis shan that  GHz radio also permits multiple antennas solution at the

the decrease in the beamforming gain due o the beampointing \ser terminal, which is difficult if not impossible at lower
error is much more severe than due to the angular spread. In th

paper, it is also pointed out that the performance of the swithed frequen_ues. )
beamforming approaches the adaptive one only when the targe N spite of the various advantages offered, 60 GHz based
space is scanned in very small spatial increments. communications suffer from a number of critical problematth

must be resolved. Being different from UWB applicationg th
IEEE 802.15.3c systems are considered to provide gigatsit da
Recent advances in process technologies and low comte and longer operating distances. At this rate and rahge,
integration solutions for 60 GHz technology have promotedill be a non-trivial task for 60 GHz systems to provide a
a great deal of momentum from academia, industry and staudficient power margin to ensure a reliable communication
dardization bodies towards 60 GHz radio, which has emergiak. In addition, delay spread of the channel under study is
as one of the most promising candidates for multi-gigahiéwi another limiting factor for high speed transmissions. learg
less indoor communication systems [1]. There are a numiunlay spread values can easily increase the complexityeof th
of key features that make 60 GHz technology particularlgystem beyond the practical limit for equalization. One mig
attractive over existing communication systems [2]. Theeré use high gain antennas to overcome the poor link margin, but
popularity of the 60 GHz technology is owed to the hugthis has limited usefulness especially in WPAN scenarioesin
unlicensed bandwidth (up to 7 GHz) available worldwideghe shadowing effects such as the blockage due to human body
While this is comparable to the unlicensed bandwidth atledta can attenuate the line-of-sight (LOS) signal by 18-30 dB [5]
for ultra wideband (UWB) systems [3], 60 GHz bandwidtli6]. Also, a slight misalignment of the transmitter (Tx) and
is advantageous in that it is continuous and less restrictedreceiver (Rx) antennas could potentially lead to a significa
terms of power limits. This is due to the fact that UWB systeniacrease in the delay spread [6]. In this respect, the use of
are underlay systems, and hence, they are subject to vy sentenna arrays to increase the directivity or gain of the B2 G
and different regulations worldwide [4]. The large bandivid communication systems becomes highly desirable to improve
at 60 GHz band is one of the widest unlicensed bandwidttige link margin and to control the delay spread of the radio
that have been allocated in history. Furthermore, 60 GHhannel.
regulation allows a much higher transmit power compared The remainder of the paper is organized as follows: Section
to other existing wireless local area network (WLAN) andl describes the system model used in the analyses throtighou
wireless personal area network (WPAN) systems. The higiis paper. Section Il discusses the differences betwhen t
transmit power is necessary to overcome the relativelydrigrswitched and adaptive beamforming and compares their per-
path loss at 60 GHz. Although the high path loss seems frmances. Section IV analyzes the effects of misalignment
be a disadvantage of 60 GHz, since it confines the 60 GHetween the incoming signal and the receiver beam; Section

I. INTRODUCTION



V studies the effects of angular spread of the received kignlae expressed as [9]

finally, in Section VI conclusions wrap up this paper. B(6,6) = AF(6,6) - EP(6, 6) (5)
II. SysTEM MODEL [1l. ADAPTIVE VS. SWITCHED BEAMFORMING

In this paper, we consider rectangular arrays with an arraytne main objective when forming a beam is to align it

factor given by [7] with the incoming signal as closely as possible. In switched
beamforming, the directions to which the beam can be steered
are limited, whereas in adaptive beamforming, the receiver
beam can be steered to the exact direction of the incoming
signal. The limited number of possible directions in swédh
beamforming causes an inevitable mismatch between the in-

sin(M,/2) sin(Ny,/2)
AF(0,¢) = .
(6:9) M sin(v,/2) Nsin(¢,/2) ’
where M and N are the number of elements in and y
dimensions, respectively. The variablgs and, are given

1)

b
y coming signals and the receiver beams. This fact results in a
Yy = kdgsin(0)cos(¢) — kdysin(bp)cos(¢o) ,  (2) performance degradation compared to adaptive beamforming
and A number of simulations were done in order to determine

the properties of the beams that are formed and to investigat
Yy = kdysin(0)sin(p) — kdy,sin(6)sin(do) , ©) the performance of the beamforming operation. In these-simu
_ _ lations, both adaptive beamforming and switched beamfogmi
where 0, ¢, 0, and ¢, are the elevation angle, azimuthcases were considered, and their performances were codnpare
angle, pointing elevation angle and pointing azimuth anglg, poth elevation and azimuth dimensions, the coverage is
respectively. The variabled, and d, denote the distances|imited to betweerd = 30° and# = 150°, because this is
between the elements inandy directions, respectively.  the range where most of the received signals are expected to
Itis aimed that the array has the strongest coverage aroyjiflye. It is also important to note that mainly because ef th
6 = 90°, which is a desired property in many smart anten@emental pattern employed, which has nullsat 0° and
applications [8]. Therefore, the antenna elements are- pogi_— 130° as well as¢ = 90° and ¢ = 270°, the beams
tioned onto the> plane, such that the narrowest peak that Cajirected towards outside the given range have litle power,
be generated by the array is directed towards this elevatigpq hence, they have a negligible contribution to the system
The distance between the antenna elements in both dim‘snSiB@rformance.

is equal toA/2, where ) is the free space wavelength of the | the simulations regarding the switched beamforming, the

received signal. possible directions were taken és= 90° + k - 15°, and¢ =
The radiation pattern of each array element is given by e 4 . 15° where—4 < k < 4, in the first part; and as
EP(8,¢) = sin(6) - cos() , (4) 60 = 90°+k-30° and¢p = 0° £ k-30°, where—2 < k < 2,in

the second part. In adaptive beamforming, the receiver beam
which is shown in Fig. 1. The overall array pattern is obtdinds assumed to match the direction of the incoming signal as
according to the principle of pattern multiplication, whican long as it is inside the target range.
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Fig. 1. The radiation pattern each array element. Fig. 2. Gain vs. number of elements in the array (MxM).
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Fig. 3. BER vs. number of array element®/ (x M). Fig. 4. Loss in power vs. deviation of the received signairfrine focus of

the beam in9 dimension.

The first simulation analyzes the effect of the number of

array elements, where all the arrays considered are squEFéNO value of 10 dB. For visual purposes, the power of

arrays (4 = N). In order to be able to make a fairt%e 10 x 10 array is increased in such a way that it yields

comparison, the total power of arrays with different numbéhe BER value corresponding to the unity gain at 10 dB, and

. . {Iﬁ power levels of the arrays with less number of elements
of elements is kept the same (equal to the normalized tota _ _ .
. are adjusted accordingly. It should be noted that for a high
power of thel0 x 10 array). The total power of the beam is .
) number of elements, there is a remarkable BER performance
given by [9] ) . . .
difference between the adaptive and switched beamforming

27 T
2 . cases.
P00 = [ [ lo@.o)sin@)dsds . (6)
0 0 IV. EFFECT OFMISALIGNMENT BETWEEN THEINCOMING
whereg (0, ¢) is the radiation pattern. The values demonstrated SIGNAL AND THE RECEIVER BEAM

in Figs. 2 and 3 are obtained by averaging the gains corre-ryqo horformance of the beamforming operation is directly
sponding to all possible directions of arrival. ~_ related to how closely the incoming signal and the receiver
_ Looking at the gain vs. number of elements curve in Fig. 2eam are matched to each other. In switched beamforming,
it is very important to observe that the beamforming gaif misajignment can occur frequently, and in adaptive beam-
relative to a single antenna (.:ase is d.|rectly proportional forming, there might be slight beampointing errors due to
the total number of elements in the arrag, insufficient knowledge about the angle of arrival or inaeter
Gop(M) = Gos(1) + 10log(M?) . @) phase shifting between the antenna elements [10]. .Th.er,efor
it is worth to have a close look at the effect of deviation of
Hence, the gain is 20 dB higher for1® x 10 configuration the incoming signal from the receiver beam.
compared to a single antenna. The reason for this fact isln Fig. 4, the power loss experienced due to the mismatch is
that the half power beamwidth (HPBW) of the receiver beainvestigated for the elevation dimension. In the corresiiog
becomes smaller, i.e. the beam becomes more directive,samaulation, the array employed is of sige 8. The azimuth of
the number of array elements increases, which leads tahe receiver beams is fixed @, and their elevations arg =
stronger match between the incoming signal and the recei9®f —k-15°, wherel < k < 4. In each case, the deviations are
beam. From Fig. 2, it is apparent that switched beamformibgund to a rather wide range &f20 degrees. An observation
with an angular step of5° in both dimensions yields closerof Fig. 4 reveals that the loss curves are not symmetric
results to adaptive beamforming relative3@® steps because aroundé,. This fact is caused by the beamshape that is not
of the higher spatial resolution in the former case. It i®alsymmetric around the focus of the beam. The asymmetry is
noteworthy that the gain difference between the switchet aa result of the array factor that widens towargs = 0°.
adaptive beamforming cases becomes more evident for higitee widening phenomenon can be examined by checking
number of elements. the corresponding HPBWSs, which arg.4°,14.9°,18.3°, and
Fig. 3 shows the bit error rates (BER) obtained for switchetb.8°, respectively, for the elevations under consideration. It
and adaptive beamforming with BPSK modulation at ashould be also noted that at high deviation angles, the dosse
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Fig. 5. Gain vs. angular spread (in battand ¢ dimensions) of the received Fig. 6. Distributed directivity vs. angular spread (in bétand¢ dimensions)
signal; both Gaussian and uniform distribution cases avéegl. of the received signal.

for 6y = 30° are not as large as the losses encountered for . 5

o = 75°. Again, the reason is that the beam directed@d D= Jo Jo 5(6,¢)|9(6, )| sin(0) db d¢ (8)

is wider, and hence, its gain does not drop as sharply as the (1/4m) 62” Iy 1908, ¢>)|25m(9) d9de

gain of thefy =757 beam. where S(6,¢) is a function that describes the target area
on the incoming signal. In the case 26° angular spread,
the S(0,¢) function can be specified d8, — 10° < 0 <

o + 10°,¢9 — 10° < ¢ < ¢o + 10°]. In Fig. 6, the

In practical implementation, the performance of beamfornatistributed directivity values are presented for variousbers
ing may not be perfect even if the receiver beam of thsf elements at uniform angular spreads uR@6. Apparently,
array is exactly matched with the main direction of arrivathe distributed directivity increases with increasing wag
of the incoming signal. The reason behind this fact is thgpread, however it has a decreasing slope. The decrease in
the incoming signal may have an angular spread, which ttie slope is an obvious indicator of the fact that the resgilti
receiving array cannot follow. The angle of arrival can bgains will be lower for high angular spreads compared to low
generally considered to have either a Gaussian or a unifospread cases, and therefore, it validates the decrease in th
distribution around the main direction [11]-[13]. gains presented in Fig. 5.

A simulation is performed to quantify the effect of the Our final simulation aimed at looking at the BER perfor-
angular spread on the system performance.8Ax 8 array mance of the receiving array with and without angular spread
is considered, and the values are averaged over all possiblevarious numbers of antenna elements. The incoming kigna
directions of arrival. In Fig. 5, the effect of angular spi€an is assumed to arrive from any direction inside the targegean
both dimensions) on the beamforming gain is presented famd the gain values obtained are averaged over all possible
both switched and adaptive beamforming cases. It is se¢n thimections. Fig. 7 presents the BERs obtained with BPSK
the decrease in gain with increasing angular spread isrrath@odulation for arrays of various sizes, including a single
linear if the spread has a Gaussian distribution. It sholsd aantenna case, for increasitify /N, values. In this figure, it is
be noted that the uniform distribution yields a higher gaén &een that the increase in the number of elements results in a
long as the angular spread does not exceed roughly 10 degredesreased BER, which is an explicit evidence of beamforming
A significant conclusion can be drawn if the curves in Fig. dain. On the other hand, it is also observed that increabiag t
and in Fig. 5 are compared. Apparently, the losses in gain tlemgular spread from 0 to 50 degrees has no effect on the error
occur due to the angular spread around the main direction grebability for a single antenna. For any higher number of
much lower than the losses caused by the deviation of thetennas, the BER is worse when there is an angular spread.
main direction. Through the simulations, angular spread is shown to be a

The decrease in beamforming gain with angular spreéattor that degrades the beamforming gain. It could provide
can also be indirectly estimated by checking the distrithuteliversity gain, however, if a number of signals that arrive from
directivity of the receiver beams, which is given by [14]  different directions and undergo different amounts of rfigdi

V. EFFECT OFANGULAR SPREAD OF THEINCOMING
SIGNAL
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without angular spreads.

were combined properlye(@. using maximum ratio combining

(MRCQ)) by the receiving array.

VI. CONCLUSION AND FUTURE WORK
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In this paper, the performances of the switched beam and
adaptive beamforming techniques are investigated, andl it i
shown that the adaptive beamforming always outperforms the

switched beam approach. However, this comes at the expense
of a higher computational complexity. It is demonstrateat th

the misalignment between the incoming signal and the receiv

beam causes a degradation in the beamforming performance in

terms of gain losses. The angular spread of the receivedlsign

is shown to be another factor that degrades the performance,

but a comparison between these two negative factors releale
that the misalignment has a much more destructive effect. Re
lated future work includes developing an analytical fraragw
for the performance of switched and adaptive beamforming in
the presence of misalignment and angular spread.
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