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Small-Scale Fading for High-Altitude Platform
(HAP) Propagation Channels

Fabio Dovis, Roberto Fantini, Marina Mondin, and Patrizia Savi

Abstract—in recent years there has been a great interest in the P High Altitude
development of high-altitude platforms, which are low cost strato- Platform
spheric aircraft carrying payloads tailored for a wide range of ap-
plications in telecommunications and remote sensing. These plat-
forms are capable of flying at altitudes ranging between 17 and 30
Km, with a potential endurance of weeks to months, features that
make them attractive for the provision of future personal commu-
nication services. This paper deals with the theoretical derivation
of a channel model for the communication link between the plat-
form and terrestrial mobile users or stations. In particular, we ad-
dress the problem of modeling the small-scale fading effects. It is ground stations
shown that the particular geometry of the propagation scenario
leads to a specific model applicable to the stratospheric channel.

Index Terms—Communication channels, fading channels, mul-
tipath channels, radio propagation.

|. INTRODUCTION mobile users

HE POSSIBILITY of employing flying platforms in the
Stratosphere has been recent|y proposed as a valid a|teﬁﬁ_1. The system architecture of a HAP communication link.
tive to traditional terrestrial or satellite-based infrastructure for

the design of future generation communication systems [1}-[4lggs_1 980 MHz and 2110-2160 MHz in Region 2 are allocated
Such stratospheric platforms are usually denominated as highine third-generation wireless communication systems [11].
altitude platforms (HAPS) or high-altitude very long endurance The most promising telecommunication applications of
(HAVE) vehicles. The term HAPs defines both airships or airHAPs are cellular telephony, broadband local multipoint
planes, flying atan altitude ranging between 17 and 30 Km in th i tion system (LMDS) services, and access provision
stratosphere and able to stay aloft for long periods of ime (Sge yjgital networks (Internet, ISDN). The flexibility of the
Fig. 1). The main problem that makes lighter-than-air Stratgystem allows for utilization of HAPs not only for carrying

spheric balloons not well suited to telecommunication applic?e'lecommunication payloads but also for remote sensing and

tions is that it is quite difficult to remotely control their pos't'ons_atellite navigation applications [5], [12].

due to their high sensitivity to weather conditions. Stratospherlc.l.he major advantages for future services integrating HAPs-

airplanes are more reliable and several projects are addres%ig ed systems are the cost-effective coverage of rural and mar-

the design of telecommunication networks based on the usqff,. regions, the system flexibility due to the platforms’ mo-
manned and unmanned aerial vehicles [5]—[8].

. o . bility on demand (e.g., in emergency situations), and the pos-
The International Telecommunication Union (ITU) has enéibility of upgrading the platform’s payload in order to reduce

gg&?aerd t\;‘a;'g;flérseggezncz;gngle_fzfg:]:'zs zazglgaet'ﬁgsérlg SI oé risk of technology obsolescence experienced with traditional
T e N atellites. In addition, HAPs can have a large footprint on earth
cated for fixed services [9]; the frequency range 18-32 G atellites. In additio s can have a large footprint on eart

) A . %fering the possibility of providing services over large regions
is allocated to a number of countries in Region 3 for broa vith low expected traffic cost effectively. This is because the use

gggg V\ggezlgslfﬂiippllgﬂlgn; {17%];&2? the tI;anQS 18?5_1383? M é’terrestrial infrastructures would be much more costly due to
A Z B Z In Regions L and 3, anfle \nderutilization of the large number of transceiver facilities

needed to cover the area with low traffic patterns. For example,
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has been devoted to modeling the stratospheric telecommunica- z
tion system in order to identify the transmission schemes best
suited to such stations [15], [16]. In particular, the available re-
sults are mainly focused on atmospheric effects and to the best Y
of our knowledge, no results are available on small-scale fading
effects of the channel. ’
Propagation models have traditionally focused on describing o/
both the average path loss at a given distance from the trans- K
mitter (large scale propagation models) as well as the rapid
fluctuation of the received power over short distances and/or
short time durations (small-scale fading models) (see for ex- S /.7 Y
ample[17],[18]). We define land high-altitude platform channel K !
(LHAP) as the communication link between a terrestrial user Y L/ v
(both fixed or mobile) and a HAP. /
This paper focuses on the theoretical derivation of the small- RX x:0.0)
scale fading LHAP channel model based on the presence of scat-
terers on the terrain. In particular, we derive the channel model
in the 2-GHz frequency range utilized for cellular and localiza- P
tion applications. Rain attenuation effects are not taken into ac-
count since they are negligible at the selected frequency ran '%-,ezs-s dT;I‘ae g”isFr’ﬁghG; 't?] theeVO'Ufs“fat‘ig?;i”g?%gi” me Scittsfe;shg‘ztrgguse
while they are predominant at higher frequencies envisaged It T)is th)é intersectionagf tﬁg.’ellipsofd with an hgrizz)sntal plgne at height
some applications of HAPs. 2.
The rest of the paper is organized as follows. In Section II,

the sr_nall—scale fading characteri;tigs of th? LHAP channe[ ppaport and Liberti [19], [20] for a ground station (GS) has
dEiCI’Ibeq. ‘I}he p;V\Ilzr dglac)i/ fproﬂle IS O,bt?'l.n?(d %n tge ba3|sk9 en considered and extended to the case of a platform station
a theoretical model derived for terrestrial links by appapo&gs)_ In this case, the receiver and the transmitter are no longer

and Liberti [19], [20]. This model is extended_to the aerial plat(in the horizontal plane and the height of the transmitter must be
form-based system. The coherence bandwidth and the co J<

0.0,z¢)

. h 7ina the LHAP ch | h | &ken into account.
ence time characterizing the channel are then evaluatede,, qiqer the receiver (RX) placed at a point with coordinates

In Section lll, theoretical results are used to develop a simul 2, 0, 0) and the transmitter (TX) at (0, 8), as shown in

tion model of the channel and simulation results are presente i 2 The direct transmission path has length= /22 + 22
. L. 0 “0

order to highlight its main features. Conclusions are presentgd, propagation dela, — ro /c, wherec is the speed of light

In Section IV. Areflected wave impinging on the receiver with an excess delay
7 must have covered a path length given by
[I. SMALL SCALE FADING IN A PLATFORM—BASED SYSTEM
k(t) =rg+cr.

Small-scale fading occurs when the received signal, that is
the sum of different replicas of the same transmitted signal grhe ellipsoids, with TX and RX as foci, is defined by the set
riving at the receiver following different paths, experiences cogf points whereby the sum of the distance from the transmitter
structive and destructive interference over short periods of tirgad the distance from the receiver equi(s).
and/or short geographical distances due to the relative motion ofy|| the scatterers located insidggenerate a total path length
the transmitter and receiver. As is well known, this causes tgﬁ]a”erthark(r,—)_ For this reason, a reflected ray with an excess
received signal level to vary widely over time [21]. delay smaller than [i.e., a total path length smaller thésir )],

From this point of view, a mobile radio channel can be chamust be associated with a scattefdocated inside the ellipsoid
acterized by its power delay profile and its Doppler spectrum (see Fig. 2). Since scattered waves are mainly due to tall build-
[22]. With the growth of cellular and mobile communicationsings, trees, poles, or hills that cannot be found above a certain
several theoretical and experimental models for the mobile ragigighth, scatterers can be assumed uniformly distributed only
channel have been presented (see for example [23]—{25]). Ugtia thin layer close to the ground. As a consequence, the volume
ally these models are developed for ground communication sys¢r) containing obstacles that cause a scattered ray with an ex-
tems with a fixed antenna transmitter. In this section, we analyzgss delay smaller thanis obtained from the intersection be-
the small-scale fading characteristics of an LHAP channelin thgeen the ellipsoict and the plane = &. Hence, the volume

case of a transmitter placed on a HAP. First, the power dela;(T) is defined as the set of points, ¥, z) that satisfy
profile for a platform-based system is obtained and then the co-

herence bandwidth and the coherence time are evaluated. V=202 + 12+ 22+ /22 + 12 + (2 — 20)? < k(T)
Power delay profiles derived from measurements at groun
) o . N0 <z <h.
level are site specific and cannot be adapted to the high-alti- (1)

tude platform case. In order to determine a realistic power del@ie volume V(7)) can be obtained by evaluating the area
profile for the platform case, the theoretical model proposed bz, 7) of the ellipse due to the intersection of the ellipsoid
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wherew(r) = ¢*7? + 2rger. The cumulative distribution func- : : : ;
tion (cdf) of the excess delakps(7) can be expressed as the & 50 | e SR S
ratio between the volumi(7) and the volume that corresponds & j ‘
to the maximum excess delay of the systé(yr,.,) 25
V(r) 30 |- E—
Fps(r) = ) :
") V(7m)
_35 i I 1 1 1 1
and the probability density function (pdf) can be found by diffel 0 002 004 006 008 01 012 014
entiating (3). Equation (3) requires the knowledge of the ma Excess Delay T [ps]

imum excess delay,,,. While values ofr,,, for the GS case are _ . )
. Fig. 5. Normalized power delay profile for a platform-based system.

well known, there are no measurements available for the platt

form case. Estimated values gf, achieved with conventional _

aircrafts are in the order of hundreds of nanoseconds, which Rgths. The power delay profile of the system can then be ob-

much smaller than in the GS case [26]. tained as the product ef(~) and the power’;(7):

In Fig. 3 the cumulative distribution function of the ex-
cess delay calculated for different values f and with
Tm = 0.150 ps,h = 21 m, zg = 17 Km are reported; while
Fl_g. 4 shows results calculated for different valueshond the LHAP channel.
with 7,,, = 0.150 us,z¢ = 40 Km, 29 = 17 Km. Note that the )

o I Once the power delay profile of the LHAP channel has been
general shape of the distribution function is the same regardle%

4 ?ained, it is possible to evaluate tbeherence bandwidtbf
of the actual values of the parameters used. In practice, &e

cumulative distribution function of the excess delay is onlgechanneI.As itis shown in [18], this parameter roughly char-

weakly dependent on the parameterandz,. For this reason, cterizes the channel selectivity when compared to the signal

| . . garameters used for communication over the channel. In partic-
in the development of an approximate channel model, a giv

) . dlar, one can asses whether the channel is selective (i.e., causes
nominal choice of these parameters, can be used to repre e{ut’

. . Lo : nter-Symbol Interference, ISI) or nonselective for the signal.
the entire class of cumulative distribution functions. . 4 . .
he coherence bandwidth, defined as the bandwidth over which
The knowledge of the cdf of the excess delay allows one

evaluate the average number of eche having excess delay e frequency correlation is above 0.9, is approximately [24]

7. The power of a single echo having excess delay’;(7) 1
can be evaluated using a free-space model with modified path Be~ 500 ®)

P(r) = n(1)Ps(r). (4)

Fig. 5 shows the normalized power delay profile obtained for
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Fig. 6. Diagram of the simulation model used for a fading chari(g). is the complex envelope of the input signal,and P; are the excess delays and power
attenuations given by the power delay profite(t) are unitary power fading processes, aiid) represents the white noise process.

and requires the evaluation of the rms delay spreathat can effect of the channel is obtained via multiplication by a unity
be obtained from the power delay profile. power fading process (¢). This fading process has a Gaussian
The other function characterizing a fading channel, traistribution and a bandwidth corresponding to the maximum
Doppler spectrum, can be used to determine if the fading Boppler spread,,,. Each replica is multiplied by a factqyP;
fast or slow. In practice, a simpler parameter, the maximuatcording to the power delay profile of the channel. Finally,
Doppler spread;,,, can be used which is related to the channelhite Gaussian noisg(t) is added to the signal to model all
coherence time by the formula [18]: other noises at the receiver.
If the echoes in a given cluster are separated by a delay much
S (6) smaller than the duration of a transmitted symbol, each branch
167 fo, undergoes a flat (but potentially fast) fading. Dispersion in time
where the maximum Doppler sprefid at the carrier frequency is.therefore i_ntroduced only by the presence of several branches.
o is Different ratios between the power carried by the LOS pé&th (
andthe multipaths¥/) can be used depending onthe propagation
scenario.
The power delay profile has to be discretized in order to obtain
wherew, is the platform speed ang, is the user speed [27]. a.finite _numberN of delaysr; _anc_i gain factors’; to use in the
as(gnulatlon model. The sampling interval- must allow a correct

Note that the LHAP channel, having a small delay spre . S
- : S . representation of the delays(i.e., it must be equal to or smaller
and thus a negligible temporal dispersion, is selective only |

the case of wide band signals. On the other hand, the frequeFﬁ:‘?{1 the minimurm separation between_two dlscernabl_e d_elays).
. o . : . s an application example, we consider the transmission of a
dispersion is more severe if compared with terrestrial chann

because both the movement of the platform and of the mob eQPSK modulated signal ata carrier frequencypt= 2 GHz.

. . ssuming a platform speeg, = 150 Km/h and a user speed
receiver contribute to the Doppler spread. v, = 50 Km/h, the maximum Doppler spread given by (7) is

fm = 222.16 Hz leading to a coherence time’tif = 0.806 ms.

The power delay profile obtained for the LHAP channel yields
On the basis of the previous analysis, a simulation model @f rms delay spread ef- = 21 ns. Using (5), a coherence

the LHAP channel has been developed with the aim of studyibgndwidth of B, = 952.38 kHz is obtained.

the effects of this channel on the communications between thdn order to verify its usability range, the LHAP channel model

platform and a mobile terrestrial receiver. has been compared to a more conventional Rician flat-fading
In the simulation model based on the complex envelope rapodel. This model is usually employed whenever transmitter

resentation shown in Fig. 6, the transmitted signal is split inend receiver are in line of sight, as typically assumed in a HAP

several branches. The upper branch represents the line of sggtenario.

(LOS) path. Each of the other branches represents a cluster dfigs. 7 and 8 depict the sampled scattering diagram of the

echoes with mean excess delgywhereby the time variation received signal obtained using the Rician flat fading channel

9

fnl:fd,p"i_fd,u:[vp"_vu]% (7)

lll. SIMULATION RESULTS
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model and our model, for a bit rate of 0.25 Mb/s. Both diagrams le-07
show a phase shift and a wide spreading of the overall constell:
tion that deteriorate the performance of the transmission systeni.

10 25 30

E /N, [dB]
Fig. 9 compares the bit-error rate (BER) for AWGN, RicianFig- 10. BER for a DQPSK modulation obtained for AWGN, frequency-flat

and LHAP channel models in the case@fM = 18 dB and Rician, and LHAP channel'/ M = 6 dB, Rb = 0.25, 1, 4 Mbls.

bit rate of 0.25, 1, and 4 Mb/s. Note that for a bit rate of 0.25

and 1 Mb/s the LHAP_ and RICI_an channel models aimost gl\é%TIMATED VALUES OF THESIGN-ArfEIE)I-ENCINSERAﬂo NECESSARY TOACHIEVE
the same I’esults, while for a bit rate of 4 Mb/s the models beA BEROF 10~%, OVER AN AWGN CHANNEL, A FREQUENCY-FLAT RICIAN
have differently. In particular, the LHAP channel model high- CHANNEL, AND OVER AN LHAP CHANNEL AT A BIT b = 0.25, 14 Mb/s
lights the performance loss of the modulation scheme which
is not correctly described by the Rician model. This bit rate E,/N, [dB] | AWGN | Rician LHAP channel
corresponds to a signal bandwidth of about 2 MHz which is

greater than the coherence bandwidth of the LHAP channel BER=10"* | channel | channel Ry [Mb/s]
B, = 952.38 kHz so that the channel becomes selective in fre- 0.25 1 4
quency and the system performance deteriorates.

The effects of multipath become more evident wheniié/ C/M=18dB | 10.78 1114 | 11.09 | 11.28 | 11.49
ra_ltio i_s reduced 'Fo 6dB, asin the case of Fig._lO, where the con- C/M=6 dB 10.78 1462 | 1485 | 1514 | 20.01
tribution of multiple echoes highlights the differences among ———!

the models. Clearly, in this case the Rician flat fading model is

not valid and the more accurate LHAP model has to be usedIn Table I, the values of signal-to-noise rati,(/No) neces-

A significant degradation can be observed when the bandwidthry to achieve a bit error rate of 19are reported. Note that

of the transmitted signal exceeds the coherence bandwidth (itee performance obtained with the Rician frequency flat fading
for a bit rate of 4 Mb/s), but the effect of the frequency selectivéhannel model are not dependent on the bit rate because the co-
channel begins to be visible even at a bit rate of 1 Mb/s. herence timel,, = 0.806 ms of the channel is always much
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greater than the symbol duration (8, 2 s, and 0.5:s for a  [14] R. M. Barts and W. Stutzman, “Modeling and simulation of mobile

bit rate of 0.25, 1, and 4 Mb/s, respectively). It has to be pointed ~ satellite propagation,JEEE Trans. Antennas Propagatol. 40, pp.
hat i d b h | behavi f the fadi 375-382, Apr. 1992.
outthat in order to observe the complete behavior of the fa Inng] C. Oestges and D. Vanhoenacker-Janvier, “Coverage modeling of high-

process, the system has been simulated for a time longer than altitude platforms communication systemg/ectron. Lett, vol. 37, no.
the coherence timé, of the LHAP channel. 2, pp. 119-121, Jan. 18, 2001. _ _
[16] J.-M. Park, B-J Ku, and D.-S. Ahn, “The simulation modeling and per-
formance analysis of stratospheric communications systenfrac.
IV. CONCLUSION 4th Int. Symp. Wireless Personal Multimedia Communicatidathorg,
Denmark, Sept. 9-12, 2001, pp. 1641-1644.

In this paper, the theoretical derivation of a channel modell7] H. L. Bertoni, Radio Propagation for Modern Wireless Sys-

for th mmunication link between HAPs and terrestrial r tems Englewood Cliffs, NJ: Prentice-Hall, 2000.
orthe co unicatio etwee sa errestrial Userg g . g, Rappaport Wireless Communications: Principles and Prac-

or ground stations is presented. In particular, small-scale fading = tice. Englewood Cliffs, NJ: Prentice-Hall, 1996.
effects are considered and the model by Rappaport and Libeffi9 T. S. Rappaport and J. C. Liberti, “A geometrically based model for

. . line-of-sight multipath radio channels,” iRroc. 46th IEEE Vehicular
is extended to the LHAP channel scenario. The power delay +echn0|(')%y Counffﬂama ('3A Apr./May '1996 pp. 844-848. e

profile is derived and the coherence bandwidth and the cohe[20] ——, Smart Antennas For Wireless Communications: 1S-95 and Third
ence time of the LHAP channel are evaluated. Simulation results ~ Generation CDMA Applications Englewood Cliffs, NJ: Prentice Hall,

. . 1999.
show the d'SperS'Ve effects of the LHAP channel and demon[Zl] W. C. JakesMicrowave Mobile Communications Piscataway, NJ:

strate that channel models that do not consider the presence of |EEE, 1994.
scatterers close to the ground (i.e., Rician flat fading channelf2] J. D. Parson and J. G. GardineMobile Communication Sys-

. e tems Glasgow, U.K.: Blackie and Son, 1989.
can y'eld to Overly optimistic results. [23] A. G. Burr, “Wide-band channel modeling using a spatial model,” in

IEEE 5th Int. Symp. Spread Spectrum Techniques and Applicatioins
1, 1998.
W. C. Y. Lee Mobile Cellular Telecommunications SysteniNew York:
. - . McGraw Hill, 1989.
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