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High Altitude Platforms–craft maintaining stations in 
the stratosphere at altitudes of around 20 km–have been 
proposed as a means of supporting wireless telecommuni-
cations. They could exploit the best aspects of both terres-
trial and satellite systems and support efficient frequency 
re-use plans. For solar powered platforms the power avail-
able for the downlink amplifiers may be minimal, particu-
larly at night and/or higher latitudes. This paper discusses 
a novel type of link based on a modulated retro-directive 
transponder carried by the HAP. Relying chiefly on the 
ground station infrastructure, this would substantially re-
duce power consumption on the platform. We investigate 
the efficiency of the transponder aperture as a function of 
its area by developing general models for losses in the  
transmission lines which interconnect antenna pairs in the 
retro-directive array. 
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I. INTRODUCTION 

Stratospheric or High Altitude Platforms (HAPs) are increas-
ingly being cited [1], [2] as playing an important role in future 
communications systems and applications. They have the po-
tential to exploit many of the best aspects of terrestrial and sat-
ellite based systems, while offering advantageous propagation 
characteristics. Platforms based on airships [3], [4], solar pow-
ered un-piloted aircraft [5], [6], and conventional piloted air-
craft [7] have all been mooted and are at various stages of de-
velopment. While the conventional piloted aircraft approach 
would seem the least technologically challenging, being essen-
tially a conventional aircraft flown in shifts of a few hours du-
ration, the solar powered solutions appear the most attractive 
from considerations of endurance and hence running costs and 
of environmental impact. Such platforms are unlikely to be 
fully developed for several years, but their potential for sup-
porting high capacity wireless services does appear to be  at-
tractive. 

A disadvantage of the solar powered HAP is its reliance on 
fuel cells which would be charged during daylight hours to 
power the platform and its payload by night. The power budget 
afforded by this cycle of charge and discharge using current so-
lar cell and fuel cell technology may be marginal, and particu-
larly so at increasing latitudes during the winter months [2]. 
While advances in technology should improve matters, a HAP 
communications payload will always be allocated only the 
electrical power which remains from the share consumed by 
the motors and control systems which keep the platform aloft 
(for aircraft) or on-station (for airships). The majority of the 
available power is likely to be consumed by these propulsion 
and stability systems [8]. The prime power consumer in the 
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payload would be the RF power amplifiers (PAs), which, along 
with the antennas, are among the most critical components in 
the communications payload. In circumstances where the sup-
ply of power is marginal, the PAs would be run at reduced 
power or be shut down completely, implying reduced quality 
or complete loss of service. The backhaul down link–a high 
data rate link connecting all the down link data to a terrestrial 
network via a hub (ground-station)–has been identified as the 
most susceptible to marginal link budgets such as would be en-
countered during severe rain events [9]. To some extent, this 
can be obviated with spatial ground-station diversity [10], but 
cannot mitigate against a loss of DC power on the HAP. This 
work examines an alternative type of link which may have a 
place in circumventing the problem of link loss where RF 
power is lacking. 

The pioneers of satellite communications suggested a link 
via a reflector as a means of facilitating over-horizon commu-
nications, where the reflector might be passive [11] or include 
amplifiers [12]. Indeed, reference to reflective links via satellite 
can be found in textbooks of the 1960s–[13] includes an inter-
esting chapter entitled “Passive space communication sys-
tems.” However, satellite communications evolved in a very 
different direction, based on separate uplink and downlink fre-
quencies transmitted via traveling wave tube amplifiers and 
high gain antennas mounted on a stabilized space vehicle. The 
reflective link was overlooked in light of such developments. 
However, the very much reduced path length to a HAP com-
pared to a satellite leads to new possibilities for a link via a re-
flector, which can now be examined in a fresh light. 

II. WIRELESS COMMUNICATIONS LINKS TO 
  MODULATED SCATTERERS 

Point-to-point radio links undergo free space loss as an in-
verse function of distance squared ( 2r1 ). In radar, the link,   
by reflection from a target of interest, undergoes a further 21 r  
path loss leading to the 4r1  term in the monostatic radar 
equation: 
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where Pr is the power received by a target of radar cross section 
(RCS) σ which is at a distance r from the transceiver which 
transmits power Pt. Gr and Gt are the gains of the receive and 
transmit antennas, respectively. A link of this type is usually in-
tended to establish the presence, location, speed, size and type, 
etc., of a scatterer and is not usually regarded as a “communica-
tion” link. However, where the scatterer is replaced by a co-
operative target, or transponder, data can be transferred from 

the target to the interrogating transceiver. The transponder may 
be “active,” i.e., it contains DC and RF power sources [12], 
[14], or be “passive” [11], [15], where DC power consumption 
is minimal or zero. In the latter case, a fraction of the incident 
energy is re-directed towards the interrogator. This type of link 
is useful where the transponder is required to consume little 
power and be interrogated from any angle, such as an RF 
identification (RFID) tag. The transponder must have a close to 
omni-directional response which implies an antenna without 
directive gain. Such a link also suffers the 41 r  term of the ra-
dar equation and requires excessive transmit power for opera-
tion at long range. However, if the RCS of the transponder can 
be sufficiently increased, the link budget can be made operable 
at increasing distances. Such an increase in RCS would nor-
mally be associated with an increase in the directivity of the 
transponder’s antenna since 

,
4

2
2

G
π

λσ =                  (2) 

and the increase in directivity would lead to a reduced angular 
response. The implication of this approach is that the trans-
ponder would have to be carefully aligned with the interrogat-
ing antenna to avoid pointing losses. For this reason, this tech-
nique is not usually adopted. However, if the transponder's an-
tenna is replaced by a retro-directive aperture, the alignment 
difficulty does not occur. A retro-directive aperture is one 
which reflects energy primarily back in the direction of the 
source and can be formed, for example, from a trihedral corner 
reflector whose RCS is large over a wide range of incidence 
angles. However, this structure is not convenient for the RCS 
modulation which is necessary to establish the data link in the 
reflected spectrum. A more convenient structure is the modu-
lated retro-array–a variant of the Van Atta microwave retro-
reflector [16]. This structure comprises any number of antenna 
pairs which are joined by equal length transmission lines. By 
placing modulators (or switches) in the transmission lines, the 
RCS can be modulated, and the information in the modulation 
products is reflected only in the direction of the interrogating 
signal. Such a transponder has been proposed for applications 
where RF power is unavailable at the target of interest and has 
also found application in range finding systems [17] for vehicle 
control and collision avoidance. It can be fabricated from low-
cost printed circuits [18] and requires only a modest power 
supply to drive the modulation circuits. 

III. DIMENSIONING A RETRO-DIRECTIVE 
   TRANSPONDER FOR A HAP LINK 

Returning to our consideration of the power-limited HAP 
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Fig. 1. HAP communications link via “passive” transponder. 
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downlink, we suggest a novel type of link where a retro-directive 
passive transponder is placed on the HAP and illuminated from 
a ground station where the information in the reflected spec-
trum would be demodulated. The geometry is illustrated in Fig. 
1. As discussed in the introduction, it is interesting to trace the 
heredity of this philosophy to satellite applications proposed in 
the 1960s [14], [19], when active transponders (i.e., including 
amplifiers) were being suggested. 

Since the link suffers 41 r  free space loss, means of increas-
ing the link budget are sought which include maximizing the 
following parameters within practicable limits: 

• transmit antenna gain 
• receive antenna gain 
• transmit power 
• transponder RCS. 

The first three of these parameters are functions of the 
ground station and ought not to present severe restrictions be-
yond those of cost. (A similar philosophy has been proposed, 
albeit in a more extreme form, to provide all a platform’s 
power needs, including propulsion, via multiple microwave 
links from the ground [20].) 

Since the transponder would be placed on the HAP, its size 
and weight would be expected to be limiting factors; this paper 
will consider the expected RF efficiency of the transponder as 
its size increases. At this stage the frequency of operation 
should be discussed. Proposed HAP carrier frequencies include 

 
the bands close to 2 GHz allocated to 3rd generation mobile 
services and the LMDS/MVDS bands of 28 GHz and 38 GHz 
discussed above [2]. An additional band, specifically for HAPs,  
is close to 48 GHz, where 600 MHz of bandwidth is allocated. 
The choice of carrier frequency would dictate the type of tech-
nology adopted for the transponder. Refs. [17] and [18] dis-
cussed fabrication techniques based on 16 element arrays of 
printed antennas with microstrip interconnects and silicon 
switching networks. These operated at either 2.5 GHz or 9.4 
GHz, and the technique could be scaled to the millimeter-wave 
bands. However, as we consider increasing the size considera-
bly, the losses in the interconnecting lines place an increasing 
restriction on RF efficiency. Beyond 30 GHz or so, waveguide 
might be a better solution. 

A further complication in choosing the carrier frequency arises 
from the apparent fluidity of the international regulations–a   
platform below a height of 20 km may be treated as part of a ter-
restrial system and can be allowed a greater choice of bands. In 
addition, the link under discussion has no RF transmitter on the 
HAP and appears to fall outside the conventional classifications. 
For these reasons, the choice of carrier frequency will be deferred 
and a link budget will be presented as a function of aperture area 
only. 
 
Link budget 

The HAP downlink backhaul ground station might be simi-
lar in specification to a typical satellite earth station, but with 
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some important differences such as a lesser antenna gain and 
transmit power. An unusual feature is that the transmitted band-
width is that of the carrier only since no data is present in the 
outgoing signal. This bandwidth is that of the RF source alone, 
which is governed by its phase noise. Also, the RF power am-
plifier(s) may be driven fully into saturation without the usual 
corollary of intermodulation distortion, which is again due to the 
absence of modulation (data) in the transmitted carrier. 

To present an elementary link budget which is frequency in-
dependent, we can plot the received power or signal-to-noise 
ratio at the ground as a function of the reflector aperture length 
L. For a square array with uniform element spacing, the total  
number of elements is given by 
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where a is the element separation. Since the total aperture gain 
is the product of the number of elements and the gain of each 
element (ng), the RCS for the aperture from (2) is 
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where a = s λ . Substituting (4) into (1) yields a term for re-
ceived power Pr which is independent of wavelength λ, hence, 
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where powers Pr and Pt are here expressed in dBW, and the 
transmit/receive antenna gain Gtr in dBi. The ratio of received 
signal power to noise can be shown by subtracting from (5) the 
thermal noise power (in dBW). Hence the signal-to-noise ratio 
is shown as a function of the reflector length in Fig. 2, where a 
noise temperature of 290 K and noise bandwidths of 1, 10 and 
100 MHz have been used by way of illustration. Element sepa-
ration a is 0.5 λ and the element directivity is 3 dBi, which is 
typical of a single printed antenna. 

In Fig. 2, we have used Gt = Gr = 35 dBi and Pt = 10 W. To 
some extent the figures are arbitrary, but they have been chosen 
to be significantly less than for a typical satellite earth hub 
where we may have Gt = Gr = 45 dBi and Pt = 50 W [21]. The 
distance to the reflect-array is 30 km (equating to a ground dis-
tance of 22 km and a HAP height of 20 km). The derivation in 
Fig. 2 is straightforward and intended only to initiate a first or-
der estimate of the required reflector dimensions–loss terms 
have not yet been included. The actual efficiency of the modu-
lated reflect-array would be rather less than unity and depend-
ent on the carrier frequency and means of construction, as 
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Fig. 2. Received SNR from square, lossless reflect-array of side
     length L at distance of 30 km, for ground EIRP = 45 dBW. 

 
 
discussed below. The dimensions will also be constrained by 
the payload capability of the platform. For example, the Euro-
pean HeliNet [5], [8], [10] solar powered HAP proposes an ap-
erture area of between 1 and 2 m2 for its broadband payload, 
while it is anticipated that future airship-based platforms would 
support several square meters of aperture. 

IV. LOSSES AS A FUNCTION OF ARRAY SIZE 

Since the RCS of an aperture is proportional to the square of 
the ratio of area to wavelength [22], we can rewrite (2) in terms 
of the antenna element effective area ael and the transmission 
line efficiency η, and we have 

( ) ,4 2
2 lea∑= η

λ
πσ             (6) 

where the summation is over all elements. For a Van Atta array, 
the equal line lengths imply that η is a single parameter which 
is the product of line length and loss per unit length–in this case 
the derivation is trivial. However, for planar realizations of the 
retro-array, the equal line length condition is inconvenient since 
it is difficult to physically route the lines on the circuit board. 
An alternative geometry is the unequal-line-length retro-array, 
where line lengths are allowed to differ by an integer multiple 
of wavelengths. Indeed, the circuits reported in [17] and [18] 
have employed this principle. In this case, since phase-
conjugation of the reflected signal occurs at a single frequency, 
the structure is a narrow-band variant [23] of the Van Atta array. 
A fortunate consequence of this approach is that transmission 
line lengths and associated losses are now minimized and the 
array is hence more efficient. To calculate the efficiency, the ef-
fective area contributed by each antenna element pair must be 
weighted by the corresponding efficiency of their interconnect-

156   John Thornton ETRI Journal, Volume 24, Number 2, April 2002 



ing line, and the overall RCS calculated from the summation of 
these weighted values. Models for estimating minimum line 
lengths are presented for two scenarios: crossing lines and non-
crossing lines. 
 
Non-crossing geometry 

Figure 3 shows the innermost two concentric antenna groups 
within a square array of n× n antenna elements spaced by a. In 
this case the transmission lines are a planar type such as micro-
strip and not allowed to cross. This type of construction is very 
convenient for integrating with both the modulation circuitry 
and printed antennas, such as discussed in [17] and [18] for a 
16-element scale model. 
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Fig. 3. Non-crossing lines: model for minimum line lengths. 
 

 
The interconnecting lines as drawn do not represent a practi-

cal circuit, but illustrate a model for deriving minimum line 
lengths. Thus, the inner group i=2 has 2 lines of length 2a, and 
the next group i=4 has 4 lines of length 6a and 2 lines of length 
4a. Using i as a counter for each concentric group, there are i 
lines of length (2i–2) a and (i–2) lines of length (2i–4) a, where 
i = 2,4,6,…,n. Modifying (6) we have 
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where each antenna pair j is considered and hence the summa-
tion is to halve the total number of elements. We can further ex-

tend this argument from an antenna pair to an antenna concen-
tric group i, where the effective area contributed by the group is 
found by weighting with the appropriate transmission line loss, 
which is linearly related to the line length. Hence, 
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is the effective area contributed by the i-th group after losses 
have been considered, where lpm is the loss factor in the trans-
mission line, in dB/m. The RCS for the array can now be 
calculated by summing over all concentric groups i, hence, 
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which can be evaluated by selecting a value for lpm and the ar-
ray size n. The former is a function of the frequency, as well as 
the transmission line type and material loss, and is often accu-
rately derived or measured for a range of media such as micro-
strip or waveguide. To illustrate the effect of increasing loss, 
(9) has been evaluated as a function of array length L, where n 
= L/a and a = 0.5 λ at a 2 GHz carrier frequency, as shown in 
Fig. 4. 
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Fig. 4. Maximum RCS at 2 GHz for a = 0.5 λ for non-crossing 
      line routing.  

 
In Fig. 4, the effect of increasing transmission line loss is ap-

parent as a slowing of the rate of RCS increase with array 
length. The results are for the minimum line lengths and hence 
maximum RCS and so represent an upper bound on RCS for 

ETRI Journal, Volume 24, Number 2, April 2002  John Thornton   157 



planar, non-crossing transmission lines. These might typically 
be microstrip, where loss at 2 GHz might be as low as 2 
dB/m. However, where narrower track widths are used to al-
leviate circuit congestion, losses tend to increase rapidly [24]. 
The results are useful in showing by how much the dimen-
sions of a lossy retro-directive transponder would need to be 
increased, compared to the lossless case, to achieve a given 
link budget. For example, the RCS highlighted in Fig. 4 is 
given by a lossless array of length 1m, which needs to be in-
creased to at least 1.2, 1.6 or 3.0 m for line losses, respectively, 
of 2, 4, or 6 dB/m. 
 
Crossing geometry 

If transmission lines are allowed to cross, e.g., by using coax-
ial lines, an alternative derivation of minimum line lengths can 
be found. It is stressed that the line lengths must still be ad-
justed so that they differ by an integer number of wavelengths, 
so that phase conjugation occurs at the design frequency; thus 
these models for minimum lengths represent an optimistic case. 
In a similar approach to the above, where each concentric an-
tenna group i is considered, there are 2 lines between the di-
agonals of length 

2)1(2 −= ialdiag               (10) 

and from the symmetry of the square matrix, there are groups i, 
j of 4 lines of length 

   ,)()1( 22 jiialij −+−=            (11) 

where j takes values from 3 to i – 1 in steps of 2. Hence, the 
RCS for the co-ax fed array can be expressed as 
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Evaluation of (12) is shown in Fig. 5 as a function of array 
length and compared with the results for the non-crossing ge-
ometry. 

In Fig. 5, the reduced path lengths in the non-crossing ge-
ometry lead to a quantifiable increase in array RCS for a given 
loss factor. In practice, a planar medium such as microstrip 
tends to exhibit more loss than coaxial transmission line, which 
would lead to a further advantage in terms of efficiency in the 
latter case. There are clearly many variable parameters, not 
least including the RF frequency and the chosen means of con-
struction, but the above method is intended as a first estimate of 
the severity of transmission line loss where passive transpon- 
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Fig. 5. Comparison of array RCS for crossing and non-crossing
     geometries at 2 GHz.  

 
ders of high RCS are sought. 
 
Link budget for lossy reflectors 

Finally, the effect of the transmission line loss on reducing 
the predicted SNR values shown in Fig. 2 can be derived. 
Unlike the derivation of Fig. 2, a carrier wavelength must be 
chosen, since this scales the lengths of the lines which give rise 
to the loss. The SNR value will be reduced by the difference 
between the lossless aperture and the lossy reflector, as illus-
trated in Figs. 4 and 5, for a given line loss lpm. Choosing again 
a frequency of 2 GHz, the modified SNR values for a 10 MHz 
signal bandwidth are plotted in Fig. 6 for nominal lpm values of 
2 dB/m and 4 dB/m for both the crossing and non-crossing ge-
ometries. 

The results in Fig. 6 will of course scale linearly on changing 
the EIRP or bandwidth, etc. Where line loss is severe, the link 
budget improves very slowly above a certain aperture length 
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L at distance of 30 km, for ground EIRP = 45 dBW and 10 
MHz noise bandwidth at 2 GHz carrier.  
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(e.g., 3 m in Fig. 6) to the extent that the increase in fabrication 
complexity may be considered pointless. It is hence very impor-
tant to choose materials which minimize transmission line loss. 

V. CONCLUSIONS 

The novel type of link described in this paper is different 
from the traditional view of a High Altitude Platform downlink 
implementation: the conventional requirement for antenna 
alignment and power amplification is removed by using a 
retro-directive array with a sufficiently large aperture, which 
acts as a passive transponder. The emphasis on communica-
tions infrastructure is placed on the ground station, where 
power and weight constraints are much more relaxed than on 
the platform. We summarize the properties of the link as fol-
lows: 

Advantages: 
• The HAP transponder requires no RF power amplifiers. 
• The HAP transponder need not be steered or stabilized. 
• The majority of the RF infrastructure is placed at the 
  ground station. 
• The RF power can be increased during adverse weather. 
• The ground station power amplifiers can be driven into 
  saturation without intermodulation distortion occurring. 
Disadvantages: 
• The ground station requires higher RF power than a con- 
  ventional point-to-point link; hence it is relatively expensive. 
• The transponder is difficult to make efficient and large at 

higher frequencies. 
• The atmospheric loss is squared compared to a one-way 
  link. 

The economic viability of the HAP concept for delivery of 
telecommunications remains to be proven. Limitations of solar 
power sources and uncertainties over stability and station keep-
ing present obstacles to communications systems designers. 
The proposed technique could substantially mitigate these limi-
tations, at least in securing a downlink to dedicated ground sta-
tions for critical data such as command and control, or a back-
haul for services such as news gathering. To maximize the link 
budget, increasing transponder aperture size is required, and es-
timates for the aperture efficiency have been presented. These 
use models for transmission line minimum length so as to place 
an upper limit on efficiency for both planar construction tech-
niques and transmission lines such as co-axial cables which are 
allowed to cross. Losses in the latter case are substantially re-
duced, particularly for large apertures. 
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