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Digital Beamforming for Stratospheric
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This paper presentstheresults of the numerical smula-
tion of a multibeam active phased array antennafor a
High Altitude Platform Station (HAPS). The smulation
takes into account the random errors caused by the non-
identity of the array dements and the inaccuracy of the
antennacalibration. Theresults of our gatigtical simulation
show that the strict requirements on the sidelobe envelope
for HAPSs can be met when the amplitude and phase
distribution errors are mnor, a condition which may be
achieved by usng digtal beamfarming.
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[. INTRODUCTION

The High Altitude Platform Station (HAPS) will be an es-
sential component of future communication systems. Such a
communication system consists of a stratospheric platform
HAPS (including airships, communication payloads, additional
mission payloads, etc.), user terminals, several gateways, and
the ground facilities for TT&C (Telemetry, Tracking, and
Command). The system will provide direct user services
through severa spot beams and links to terrestrial networks
(PSDN, PSTN, WWW, etc.) through the gateways[1], [2]. The
HAPS will be located at an altitude of 20.6 km above sealevel
and will remain nominally stationary within a sphere with a
radius of approximately 0.5 km [3].

For Shand transmissions, [4] introduced a passivetransponder
that reduces the consumption power of the payload, however,
with such atransponder, the link margin would not be sufficient
for direct communication b eween users. A ground station witha
high gain antenna would be needed to connect users.

This paper presentsa multibeam system with beamformersto
obtain a sufficient link margin to communicate with users
directly andto reduce interferencebetween co-channd cellsand
between other channel cells. The most important component of
a HAPS is the multibeam active phased array antenna (APAA)
with high directivity. The HAPS uses the APAA for S-band and
in the future will use it for Ka-band. Each channel of the APAA
contains amicrowave amplifie—ahigh power amplifier (HPA)
in the transmitting channel or a low noise amplifier (LNA) in
the receiving channel—and an analog/digital converter (ADC)
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or adigitd/andog converter (DAC).

The antenna has to meet a number of drict requirements
Antenna beams must have a high dectromagnetic isolation.
Thisleadsto a gtringent limitation on off-axis antenna radiation.
Especidly, alow sddobeleve (SLL) is required when aCode
Divison Multiple Access (CDMA) standard is used.

To stidy these requirements and to design the antennawith a
low SLL, it is hecessxy to redize with adegquate accuracy a
catan taper amplitude didribution in the antenna aperture.
Owing to fabricaion erors and disperson of microwave
amplifier parameters, aray dementsare not absolutely identica.
This leads to random arors in the amplitude and phase didri-
bution over the antenna gperture. While the antenna gain and
beamwidth exhibit minor variations due to smal random
disturbances of the digtribution, the antenna SLL can grow Sg-
nificantly because of the same erors In order to reduce the
influence of fabrication errors aswel as amplifier digperson, the
aray antenna must be cdibrated. The overdl accuracy of the
amplitude and phase goerture didribution is determined by a
quantization in phase shifters and by the qudity of the cdibration
method. The antennamultibeam radiation pettern can be redlized
by an andog or digitd beamformer. For example, the Butler
matrix isawd| known andogous beamformer. In implementing
a weighted summation of andog sgnds from many aray
dements for each of many beams, such abeamformer represents
anetwork of interlaced microwave devices For our investigetion,
we had to process the complex gain vaues of the array dements
with high accurecy. (Suppressing the sddobes of the HAPS
antenna required amplitude errors of lessthan 0.2 dB and phase
arors of lessthan 1.5°.) Imperfectionsin the microwave devices
caused by reflections and insartion loss prevented the andogue
beamformer from providing this accuracy. The only way to
achieve the required accuracy was to use digitd beamforming
(DBF) in which dgnds from the array rediators were converted
directly to a digitd form and trandated to the digitd sgnd
procesor where dl the atenna beams were formed
independently.

This paper condders the influence on the APAA radidion
pattern of the amplitude-and-phase gperture didribution errors
that remain after cdibration. The APAA is very a complicated
system that will only be redized in the future; hence, physcd
modding of the APAA for a HAPS was not posshle. Our am
was to present an APAA smulation with a numericd datidtica
dgorithm for probabilistic evauetion of the SLL. To edimetethe
feaghility of redizing the ARPAA sysem, we usad this elgorithm
to determinethe required overd| antennacdibration accurecy.

II. ANTENNA GEOMETRY
Congtruction of the antennatakes into account the sze of the
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areaserved (an angular sector of about + 70°) and conggs of a
system of severd plane pands (a multi-faced antenna) whose
beams are properly joined. Each pand itsdf is a multibeam
APAA with DBF, and the gatistical method is valid for each
pand.

The first version of the planar APAA to be conddered
hereis shown schematicdly in Fig. 1. The antennarepresentsa
rectangular array of 14 x 14 dements. The dement gpacing is
d,=d, =054 dong x and y axes (these axes lie on the
gperture plane). This antenna geometry is acceptable for the
inittd dage of the devdopment of the dratogpheric
communication sysem[1].

Beamforming
Network

Fig. 1. General view of thefirst APAA version.

The radiators have a cdircular polarization. Each radiator
represents a pair of crossed dipoles with abaun. Theradiators,
microwave amplifiers, and digitd devices of the DBF form a
monoblock. The inter-dement connections are located indde
the monoblock. The antenna is connected with a power supply
and acontrol system by meansof cables.

Radiators for phased array antennas are well known and are
widdy described in the literature. For example, radiators for

Fig. 2. The breadboard of radiating element for IMT-2000
frequency bands.
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circular polarization are described in [5], [6]. The rediator con-
tans two identicd dipoles Each one exctes a linearly
polarized wave. If radiators are placed in two orthogond planes
and the phase shift between two dipoles is 90°, a circularly
polarized wave is formed. Figure 2 presents the cross-dipole
breedboard.

For comparison, we condder the second verson of the array
antenna, which has 73 dements that are placed on a hexagond
grid so as to fill some circular gperture. The circular antenna
goerture has a minimum SLL. Element spacing isd = 0.7 A.
Figure 3 shows the antenna geometry for the second version of
thearray antenna.

Fig. 3. Geometry of the second APAA version.

[11. MAIN RELATIONS

In this section we define the notetions and derive the main
datidicad rdations for aray antenna characteriics. On the
basis of these rdations, the numericd dgorithm for Satistical
andysis of the antenna sidel obe envelope will be developed in
section 1V.

A fidd radiated by an APAA isthe sum of thedement fidds
therefore its fluctuation (deviation from the average value) is
determined by the error megnitude in esch array channd.
Usudly, the number of dements in the antenna array is rather
big, 0 errorsin different channds fractionaly countervail one
another, and thetotd array fidd fluctuation may be much lower
than the fluctuation of afied in each antenna channd. We will
show thet the reduction of the totd array fidd disperson in
contrast with the dispersion in each channel is determined by
thearray gain.

Let's condder the array with radiators placed in points 7,
n=1...N. Its radiated fidd is determined by the equation
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) & .
E@)== 20 {4, ok @00}, @
n=1
where 7 (v) istheradiaor pattern, 4, isthe amplitude of the
n-th radigtor, N isthe tot number of radiatorsin the array, v
isthe coordinae of the view point, k:i” is the wave num-

N A
ber,and 4= 4, isthenormélized factor.
n=1

In practice, the grestes interest is on arrays having some
center of symmetry, that is the array dtructure is invariant to
symmetrica trandformation at this center. We confine our
congideration to only such symmetricd arrays and accept that
the coordinate system origin (the origin of vectorsr, ) coincides
with the array symmetry center. As (1) reveds, when 4, isred,
thearray fiddisdsored.

If there are random errors in antenna channds, the amplitude
A, isdetermined by the equation

4,= 4%, =4)p, ", @
where 4’ isthe amplitude of the n-th radiator without errors,
and p, and ¢, ae amplitude and phase erors
correspondingly.
Bdow, wetakethe normdized factorin(1) as 4= i“A:’ .

n=1

Assume that amplitude (p,) and phese (¢, ) erorsin each
antenna channd are independent, and owing to the cdibration
procedure, the phase erors have zero average vaues. For
damplicity, we assume that a mutual coupling between array
dements does not essentidly change the dement radiation
pattern, the array factor, or consequently, the results of the
smulation.

In addition, we assume that both p, and ¢, have an
identical digtribution (regardiess of channd number ) and the
errorsare independent from channd to channd.

To characterize the totd channd error ¢, , we define its
disperson g, asfollows

2

(pe, e, )= 0,, W, €
Here () indicates the average of an ensemble of
redizations, symbol * denotesacomplex conjunction,and A
is a deviation from the average value. The magnitude of o, is
determined by the dispersons of amplitude and phase erors o,
ad ¢, ad thar didributions When there ae normd
digributions and minor errors the magnitude is described as
fdlows o¢’=0’+0, . The Kronecer ddta symbal o,
showsthet errorsin different channdsare uncorrel ated.

usng (1)-(3), we can derive the formula for the average
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rediated power:

Te o), (@

P, (V) =(EW) EW) ) =(&)* P’ (V) + -

where p°(i) istheided power pettem for the cage of no erorsin

N N 2 /N
gpature ddribution, and p = 42 Z(Aj)z :[ZA/?} Z(Af)2
n=1 n=1 n=1
isthe array antennadirectivity.
It is necessry to make severd comments about (4) as
follows
Firg of dl, (4) is smilar to the wdl known equations of
datigica antenna theory [5], [€], but it is vdid for any
digribution of random vaues g, (not only for normd
digtribution).
Eqg. (4) shows that the average antenna pattern equas the
sum of theided pattern without errors multiplied by (£)> and

the random background %ng‘f(p)‘z determined by the

disperson of the random error in each channd, decreased by
the value of the antennadirectivity.

Eqg. (4) is very convenient & the initid sage of antenna
design because it dlows us to estimeate the required overdl
antenna cdibration accuracy on the assumption of the desired
antenna gain and required sidelobe enveope (and without any
assumptions about antenna geometry, number of aray
dements, ec.).

Under the given assumptions, red and image components of the
aray fidd are uncomrdated, thet is (Re{AE(r} Om{aE(W)}) =0.
This rdation is hdpful for further deriving the numerica
dgorithm.

IV.NUMERICAL ALGORITHM FOR
STATISTICAL ANALYSIS

Here we present the numerica dgorithm we will use for the
datigica andyds of the antenna array Sddobes, which takes
into account the aperture amplitude and phase digtribution
arors.

The dgorithm includes an andyss of the ensamble of the
random aray paterns for the given maximum vaues of
anplitude and phase didribution erors. Each peten
redization (1) is cdculated by using N random amplitudes 4,
determined by (2), where

Bolgly /20

p, =10, ¢, = il .

Random vdues 4’ ae independent and uniformly
digributed over theintervd [—1;+1]. Parameters By and @, are
maximum amplitude (dB) and phase (radian) erors,

200 Bon-Jun Ku et al.

correspondingly.

We note the following about our choice of error distribution
modd. In prectice, it is very difficult to eveuae the actud
amplitude and phase errors didribution in antenna channds,
but for our purpose it is not necessary to do this we are
interested in the overdl array characteridics The totd array
fidd equds the sum of alarge number of independent random
aray radiator fiddswith identical properties. According to the
central limit theorem of the probability theory, its
digribution tends to a norma didribution regardless of the
digribution in each antenna channd. Thus, our smple moded
of randomness is acceptable from an engineering perspective.

Further, in this paper, we consder the array paitern sections
only. Thus, the vector ¥ =[sinfcosg,sindcosg,cosd]”
depends on @U0[-72/2;11/2] only (¢ =const ), and the
agument U is replaced by 6 bdow. The ided dement
radiation pattern f{V ) = 4/cos@ istaken into account.

The gatistica eva uation of the average radiated power for &,
independent pettern redizations E,(6),/ =1..N, IS given by
theequation

P.(6) =Nii\E,(9)\2 :

1 1=1

For the average fluctuation of power, we have the fallowing
expresson:

P.(8) ﬂ/ii(ﬂv(e)—@(e)zf :

The upper sddobe envelopeis determined by the equation
P, (0) =P, (6)+F(0) -

Curve p,(¢) hasthe following physical sense. Aswe
mentioned above, the total array field E() has a
normal distribution. In our analyss, both the red and image
pat of the array field have normd digtribution, and they are
uncorrelated (see section 1l1). Thus, the array fiedd magnitude
R(6)=|E(6)| hesagenerdized Rayleigh distribution

2 2
(R) = izexp{— R ;f’ }Do(b—fj , ®

g g

where b = J[Re(E(0))] +[IMKE(O))? = KE(O)) = (R)
and [ isthe modified Bessd function of zero kind.

The level <R2>+,/<(AR2)2> corresponds to P, (6) for

abitrary direction 6.
The probability that antenna power radiated in direc-
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tion 6 will not exceed the level P, (6) , following from
thelaw in (5), is equal to approximately 0.85.

The numerical evauation of this probability for the ensemble
of 2000 redlizations gives the vaue 0.83-0.87 depending on
thelevel of idedl power pattern P°(8) .

Thus, the area below the curve p,(9) represents the
domain where, a agiven range of amplitude and phase errors,
a random implementation of P(g) is dlocaed. On a
positiond relationship of the curve p,,(6) and the curve of
the required sddobe envelope, it is possible to decide whether
the antenna meets the 5 del obe radiation requirements.

The levd p,(6) essentidly depends on the maximum
vaues of the amplitude and phase errors. Parameters By and @,
for which p, () isdlocaed below the required sidelobes
envelope in the given beam steering range (or not too
much above it), determine the necessary antenna calibra-
tion accuracy.

V. SIMULATION

In this section, two examples of datigticd smulaion of
APAAsare congidered.

The array in each example has an identica beamwidth (12°)
and gain (approximately 23 dB). The number of dements, the
dement gain, and gperture didributions in both cases were
chosen to obtain the same antenna parameters and satisfy the
required reference radiation pattern exhibited in [2]. For each
example of amulation, 2000 random samples in the ensemble
wereused.

Thefirs APAA verson

The amplitude digtribution condtitutes a tensor product of
two amplitude digributions srongly tepered over x and y
directions 4,, = A4, (4, . Each digribution 4, and 4,
corresponds to the cos™ function. Simulation resuits of the
aray antenna pattern are shown in Fg. 4 for one mgor plane.
The reaults for the other magor plane are smilar. The Sdelobe
leve in diagond planesis amdler asis known from antennas
having arectangular aperture.

Figure 4 presentsthree cases: an ided radiation pattern for an
aray without random errors (Fig. 4(8)) and average pdterns
and upper sddobe enveopes for two different sats of vaues,
By and &y (Figs. 4(b) and 4(c)). The region hatched is the
doman where a random pettern redization is placed with a
high probability. In addition, the figures show the curve of the
random background (from (4)) and the worst redlization with
themaximum SLL.

Choosing the vaues of By and &, we supposed thet digita
beamforming was used and that phase errors introduced the
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Fig. 4. Simulation patterns of the 14x14 element array.

main contribution to the degradation of the antenna radiaion
pattern.

The second APAA verson

In this verson, we seected a tapered amplitude digtribution
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which has an axid symmetry and can be cdculated according
totheexpresson

A° =0.58+0.42 Ecos(nRR” ) :

max

where R, is the distance between the cirde center and the n-th
dement R, =maxR,. This digribution gives enough high
gperture e‘ficienc;"/ under the low sidelobe levd. It provides
satisfactory performances by using a smaler number of the
antennadementsthan the first antennaversion.

Simulaion reaults for this example are shown in Fg. 5 for
onemgor plane Theresultsfor other planesaresimilar.

Figures 4 and 5 demondrate that if amplitude and phase
errors are equd to 0.2dB and 1.5 correspondingly, antenna
performances are Smilar in both cases despite an essentia
differencein the quantity of radiating e ements.

The explanation of thisfact isas follows. Inthe firg APAA,
we used a very tgpered amplitude digtribution to obtain low
aperture sddobes, and in this case, the antenna had a low
efficiency. In the second APAA, a wesker tepering of the
amplitude digtribution was used, and gperture sddobe leve
was higher (without taking into account random errors). In
addition, the gperture form of the second antenna was nearer to
acircle The sddobe levd of acircle gperture is lower than a
rectangular gperture with the same tapering. The antenna gain
wasequd in both versons

G (dBi) = 1010g N + G,(dBi) +L, + L,

where N isthetotd number of theradiators, G, isthe antenna
dement gain, L, isthe efficiency determined by the amplitude
taper for the chosen aperture geometry, and L,is the efficiency
determined by random errors. In the firg verson we have
N=196, G;=5dBi, and L, =-4.2dB. Therefore, G = 235dBi.
In the second verson, we obtained N=73, G,;=6.9dBi, L; =
-1.7dB, and G = 23.6 dBi. In both cases L, = 0.2 dB for the
same modd of erors The vaues of the dement gain G, are
different in these arrays when we take into account the dement
soacing and mutud coupling rediators. Thus, the gain and
beamwidth in both antennas are nearly the same. However, we
determined the find sdeobe leve mainly by the amplitude
and phase erors. According to (4), the background of the
Sdeobes is determined by random errors, and it does not
directly depend upon the totd dement number. This
background leve is connected with the directivity. We assumed
that lossesin the APAA are samdl and avaue of the directivity
coincides with the gain. Therefore, the use of very tapered
amplitude digtribution is not effective for these purposes.

Note that the APAA which meets the requirements on
amplitude and phase errors and service conditions does not yet
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Fig. 5. Simulation patterns of 73 element array.

exis. The parameters of contemporary microwave amplifiers
can provide a phase non-identity within a limit of 10 Digital
beamforming permits the compensation of a disperson of
ARAA channd parameters with high precision (about 0.1 on
phase and 0.1dB on amplitude). To accomplish this it is
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necessary to have a permanant precise cdibration of aray
channds in order to insart phase errors into the processor
memory. The requirements are near the accessble limit, which
is reeched by usng modern methods of aray antenna
cdibration [8]{10]. A method of satdllite antenna cdibration
with an RMS of about 1’is described in [9]. A feature of the
dratospheric  plaform  environment is that the angular
fluctuations are dueto blagts. Specid optic-and-radio equipment
with high operating gpeed should be developed to carry out
permanent antennacdibration during APAA sarvice.

All the results given here are for a single boresight beam.
Owing to the directiond properties of an array dement, the
deered antenna beam has a decreased gain and increesed
S delobes according to the particular d ement paitern. However,
if antenna cdibration is peformed for every beam of the
antenna radiation pattern, the ddelobe component that is
caused by the random errors could be the same asin case of the
boresight beam. The digitd beamformer as wel as the
cdibration procedure permitsthis possihility.

VI. CONCLUSON

We developed an dgorithm of datidicd S.L enveope
smulation for the HAPS antenna and obtained the tolerances
of the antenna cdibration. The implemented caculations show
that rigorous requirements for determining aray channd
parameters are needed in order to redize the APAA for the
Strataspheric Communication System. The admissible values
of the amplitude and phase errors are near the limit of the
modern calibration methodsfor phased array antennas.

It is essentid that new gpproaches and technologies be
deveoped to creste an antenna for the Stratospheric
Communication System.

We think that the creation of an experimentd smplified
communication sysem would be a good step toward the
development of the HAPS. A amilar approach isaready under
implementation in Japan [11]. The experimental system would
be the bads for further devdopment and refining of both
antennas and cther equipment.
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