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emand for bandwidth is growing ex-
ponentially as consumers use their 
mobile devices in more bandwidth-
intensive applications. The evolution 
to 3G and 4G/LTE mobile technol-

ogies provides a path to more effi cient use of 
the radio spectrum and progressively higher 
uplink and downlink speeds to each user. Op-
erators’ forecasts show that additional steps are 
required to provide suffi cient bandwidth.

As a result, operators have begun to intro-

duce small cells into their networks, since this 
solution has recently emerged as a more cost-
effective way for network mobile operators to 
improve the coverage and capacity of their mo-
bile services. But there are some challenges to 
leveraging the benefi ts of small cells. One of 
the most signifi cant is providing scalable, fl exi-
ble mobile backhaul to connect small cells back 
into the network without breaking the small 
cell business case.

Operators typically use different backhaul 
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technologies for their radio access 
networks. Nevertheless, existing alter-
natives such as fi ber, digital subscriber 
line (DSL) and microwave backhaul 
do not provide the required CAPEX, 
OPEX and/or performance; therefore, 
an adequate backhaul upgrade in ca-
pacity and cost-effi ciency is required. 
Millimeter wave technology, espe-
cially in Q-Band (40.5 to 43.5 GHz), 
offers a wide frequency spectrum, 
compactness and lightness of equip-
ment and ease of implementing in-
terference-free system confi gurations.
This makes it very promising for high 
data rate backhaul applications.

The SARABAND project inte-
grates Q-Band millimeter wave tech-
nology for point to multipoint (PMP) 
transmission to provide a cost-effec-
tive solution capable of supplying 150 
to 200 Mbps per cell site.

WIRELESS BACKHAUL 
ARCHITECTURE

The wireless backhaul architecture 
proposed in SARABAND is a hierar-
chical, PMP Ethernet-based network 
composed of nodes linked by radio 
transmissions and remotely managed by 
a backhaul network management sys-
tem (NMS). The solution is a distribu-
tion tree connecting a service provider’s 
point of presence (PoP) to relay nodes 
ultimately reaching subscriber termi-
nals, grouped terminals and mobile 
base stations. The main features are:
•  A highly fl exible PMP network 

topology that rapidly adapts to an 
operator’s coverage and capacity 
requirements while simplifying ra-
dio deployment.

•  The use of Q-Band, providing a 
large spectral bandwidth suitable 
for wide channels (40.5 to 43.5 
GHz in 1 GHz sub-bands).

•  A radio backhaul network com-
posed of a multiplex of channels 
that aggregates several 100 Mbps 
half-duplex (TDD) channels to 
provide the required throughput 
(up to 2 Gbps half-duplex per 1 
GHz radio transmission).

•  Layer 1 and 2 of the network 
based on the 802.11n and then the 
802.11ac standards and aggrega-
tion on 802.3ad.
The backhaul network architec-

ture is composed of different types of 
nodes (see Figure 1). The Transmis-
sion Hub (TH) carries traffi c in the 
core network and connects several 
terminals or relay nodes (RN). Re-
lay Nodes extend system range and 
avoid the limitations of line of sight. 
Network Terminal Equipment (NTE) 
delivers basic services to customers’ 
points of presence.

To enable any confi guration of hi-
erarchical PMP links while meeting 
the required performance on each 
segment of the network, the SARA-
BAND project is developing new Q-
Band backhaul network technology 
to increase network node throughput, 
range and coverage, while reducing 
cost. Specifi c developments include:
•  Q-Band low-profi le, high-gain an-

tennas that will enhance through-
put between the TH and the re-
mote sites. Two approaches have 
been analyzed: Fabry-Perot anten-
nas and lens antennas for medium-
gain (20 dBi) and high-gain (>30 
dBi) applications, respectively.

•  Q-Band programmable multi-
beam antennas, which will enhance 
coverage, reduce interference and 
save energy. Circular Switched 
Parasitic Array (CSPA) antennas, 
for an agile antenna solution, have 
been analyzed.

•  Q-Band miniaturized radio modules 

based on new substrate, packaging 
and interconnection processes with 
the objective of providing modules 
with low loss, high power and high 
reliability at a fraction of the price of 
any currently available radio.

FABRY-PEROT ANTENNA
A Fabry-Perot (FP) antenna is a 

planar structure providing highly di-
rective beams with properties such as 
a low profi le, lightweight, simple feed 
mechanism and low cost. This makes 
it a good candidate to address Q-Band 
medium gain coverage requirements.

The FP antenna (see Figure 2) is a 
type of leaky wave antenna, consisting 
of a partially refl ective surface (PRS) 
at a proper distance from a totally 
refl ective surface (TRS). The result-
ing cavity may be fi lled with air or a 
dielectric material and is excited by a 
source that is placed inside the cavity.1
With an appropriate design, parallel 
plate modes are excited in the cav-
ity by the source. The power carried 
by the modes leaks through the PRS, 
forming a broadside pencil beam in 
the far fi eld. The distance between 
the two refl ecting surfaces (h) of the 
cavity and the source position are im-
portant antenna parameters.

Considering that the source is po-
sitioned at the same level as the PRS, 
the power radiated in the boresight 
direction is at a maximum when the 
following condition is satisfi ed:

φ + ψ −
π
λ

⋅ = π
2

2h 2n (1)R R

where �R is the refl ection phase of 
the PRS, �R is the refl ection phase of 
the TRS, h is the Fabry-Perot cavity 
height, and n = 0,1,2,3,...

F or the SARABAND project, the 
FP antenna  specifi cations are shown 
in Table 1. It uses an air-fi lled FP cav-
ity to reduce losses and provide the 
best compromise for maximum di-

 Fig. 1  Network node architecture.

 Fig. 2  Fabry-Perot cavity.
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TABLE 1
 FP ANTENNA SPECIFICATIONS

Size 70 � 70 mm

Height 7 mm

Gain 16 to 25 dBi

Beamwidth  -3 dB (E/H 
planes) 15° / 15°

Bandwidth at -10 dB 1 GHz

Side lobe levels vs main lobe -13 dB
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LENS ANTENNAS

In lens antennas, a quasi-point 
source (the feed) generates a spheri-
cal wave which is collected and colli-
mated by a dielectric lens. This results 
in a plane wave at the antenna output 
that may provide diffraction-limited 
gain. Current lens antenna technol-
ogy is either bulky (refractive design) 
or low-profi le but less effi cient (e.g., 
Fresnel lens).2 To achieve a lower 
profi le, yet effi cient design, an innova-
tive lens based on “quasi-optical” RF 
components is being investigated. It 
is the transposition of an optical ap-
proach, in terms of wavefront control 
and component design, to the RF do-
main. This enables the synthesis of an 
effi cient, fl at, high numerical aperture 
lens for controlling and reshaping the 
wavefront emitted by the Q-Band an-
tenna feed.

Lens antenna operation is based 
on diffraction and constructive inter-
ference between zones composing 
the lens. The use of sub-wavelength 
structures and a hybrid lens design 
overcomes the usual Fresnel-lens lim-
itations and does not suffer from loss 
of effi ciency and bandwidth reduction 
when implemented in a low-profi le 
confi guration.

For the SARABAND project, this 
approach is applied to two different 
antennas of different sizes in order 
to cover both TH and NTE require-
ments. Specifi cations for the high-
gain lens antennas are shown in Table 
2. The distance between feed and 

rectivity and pattern bandwidth. The 
PRS is made of periodic patches (2.88 
× 2.88 mm with a 4.2 mm square pe-
riodicity) printed on a 0.51 mm thick 
dielectric substrate placed 2.79 mm 
above the TRS. A patch within the air-
fi lled cavity is the source of excitation.

An FP antenna produces a highly 
directive beam with a single feed 
source, where

( )( ) = π λdirectivity D 4 / A (2)2

for an aperture with an area A. While 
it is possible to reach up to 90 percent 
of the theoretical maximal directivity 
with a few lambda size aperture and 
a highly refl ecting PRS, practical re-
alizations achieve directivities around 
50 percent of this limit.

FP antennas, however, are nar-
rowband. Jackson et al.,1 have shown 
that for a simplifi ed confi guration, the 
product of directivity and 3 dB band-
width is a constant that can be esti-
mated by the formula:

⋅ ≈D BW
2.5

n
(3)2

with n being the cavity refraction in-
dex.

The high-gain 
antenna for the 
SARABAND proj-
ect requires a 7.2 
percent fractional 
bandwidth. Basic 
FP antennas have 
a fi xed directivity-
bandwidth product 
insuffi cient to meet 
this requirement; 
however, the gain 

can be increased through several 
complementary means. One is to ex-
tend the size of the radiating aperture 
making the surface through which the 
leaky wave radiates electrically large, 
achieving medium to high gain. Typi-
cally the PRS can be extended to a size 
of about 10 × 10 �. A larger PRS size 
may not lead to a further gain increase 
since energy usually leaks from the 
cavity area being close to the source.

Antenna gain can be further in-
creased by using multiple sources in-
side the cavity, making more effi cient 
use of the large radiating surface. Fur-
thermore, due to the presence of the 
PRS, the sources can be spaced 1.5 �
apart without generating grating lobes 
in the radiation pattern. This excita-
tion mechanism requires a small feed 
network to distribute the energy be-
tween the multiple sources. Figure 
3 shows FP antennas with 1 and 16 
sources, which have been designed to 
provide maximum gain. In both cases, 
the antenna size is 60 × 60 mm (~8.3 
× 8.3 � at 41.5 GHz). Maximum gain 
is achieved at 41.5 GHz with 1 source 
(19.2 dBi) and 41.75 GHz with 16 
sources (23.3 dBi).

TABLE 2
LENS ANTENNA SPECIFICATIONS

Size < 250 mm (f/D < 0.5) < 150 mm 
(f/D < 0.5)

Gain > 35 dBi > 30 dBi

Beamwidth -3 dB < 3°
horizontal and vertical

< 5° 
horizontal and vertical

Bandwidth at -10 dB 3 GHz (or 1 GHz centered in each Q-Band)

Diffused lobes Mean value < 30 dB between 45° and 90°

 Fig. 3  FP antenna gain in the E-plane.
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 Fig. 4  Simulated gain of a low-profi le 
high-gain lens in the H-plane at 42 GHz.
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by itself, the radiated signal is guided 
through a circular fl ared horn. At the 
center frequency of 42 GHz, a stand-
ard horn structure would have a length 

of the monopoles (only 1.8 mm) and 
the relative size of the additional cir-
cuitry (much larger than the antenna 
elements). Instead, printed microstrip 
technology is used, 
based on the CSPA 
concept.

A demonstrator 
fi xed-beam antenna 
(without switching 
elements) is shown 
in Figure 6a. In a 
forthcoming ver-
sion, the beam will 
be steered by tun-
ing/de-tuning the 
refl ector elements 
through PIN diode 
biasing. Because the 
central active an-
tenna element can-
not achieve high gain 

lens must be optimized to take into 
account the feed radiation pattern, 
the lens size and the local sub-wave-
length structure. For a given antenna 
volume, we can compute the confi gu-
ration giving the highest antenna effi -
ciency and therefore the highest gain.  
An example is shown in Figure 4.

CSPA ANTENNA
An attractive concept for electronic 

beam steering is the circular switched 
parasitic array (CSPA) antenna, which 
is proposed for the agile Q-Band an-
tenna with a large fi eld of view to be 
used in the repeaters. The basis of this 
concept for electronic beam scanning 
is a well-known principle for the con-
trolled forming of radiation patterns 
of an active antenna element using 
parasitically coupled passive antenna 
elements.3 It allows for controlling 
the radiation pattern in the horizon-
tal (azimuth) plane and steering the 
beam over a wide fi eld of view. Simple 
electronic components such as PIN or 
varactor diodes may be used to tune 
the parasitic array elements and con-
trol beam shape and direction.

A CSPA antenna for a high-power 
data link application in C-Band (4.4 
to 5 GHz) has been previously devel-
oped.4 This design uses wire mono-
pole antennas as active and parasitic 
radiators, sharing a common metallic 
ground plane of circular shape with 
the active element placed at its center. 
These monopoles must have a height 
of approximately �/4 and spacing be-
tween the active element and the 
parasitic elements of approximately 
�/4. Figure 5 shows a 3D model of a 
C-Band CSPA antenna.

For the SARABAND project, the 
specifi cations of the Q-Band CSPA 
antenna are shown in Table 3. At 
Q-Band the monopole-based CSPA 
is not feasible because of the height 

 Fig. 5  C-Band CSPA antenna 3D model.
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TABLE 3
 CSPA ANTENNA SPECIFICATIONS

Antenna Diameter < 300 mm

Gain 16 dBi

Polarization Vertical

Beamwidth 
(E/H plane) 6°/60°

Bandwidth at -10 dB 1 GHz 
(41.5 to 42.5 GHz) 

Ideal coverage 270° in H plane 
(large fi eld of view)

TABLE 4
TARGET PARAMETERS FOR THE TH-RN RADIO MODULES AND ANTENNAS

Radio Module TH-RN Parameters Values Variances

Receiver

Noise Figure 4 dB 0.5 dB over 
temperature range

Saturation Pin -30 dBm

Gain 31 dB Temperature: ± 1.5 dB
Frequency: ± 1.5 dB

Transmitter

Psat 29 dBm Temperature: ± 1.5 dB
Frequency: ± 1.5 dB

P1 26 dBm Temperature: ± 1.5 dB
Frequency: ± 1.5 dB

Gain 26 dB Temperature: ± 1.5 dB
Frequency: ± 1.5 dB

TABLE 5
TARGET PARAMETERS FOR THE NTE RADIO MODULES AND ANTENNAS

Radio Module NTE Parameters Values Variances

Receiver

Noise Figure 6 dB 0.5 dB over 
temperature range

Saturation Pin -30 dBm

Gain 30 dB Temperature: ± 1.5 dB
Frequency: ± 1.5 dB

Transmitter

Psat 19 dBm Temperature: ± 1.5 dB
Frequency: ± 1.5 dB

P1 16 dBm Temperature: ± 1.5 dB
Frequency: ± 1.5 dB

Gain 21 dB Temperature: ± 1.5 dB
Frequency: ± 1.5 dB
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project has several on-going antenna 
and radio module developments. In 
particular, a 23 dBi gain Fabry-Perot 
antenna using multiple sources for 
medium-gain applications has been 
designed. Moreover, sub-wavelength 
structured lens antennas with gains 
higher than 30 dBi to cover both TH 
and NTE requirements have been 
manufactured. For electronic beam 
steering, a CSPA antenna has been 
proposed. The designed antenna has a 
relative impedance bandwidth of 4.87 
percent, centered at 42 GHz, and a 
gain of 16 dBi with a beamwidth of 
6°/60° (E/H plane) to cover a hori-
zontal angular range of 270°. Finally, 
miniaturized front end modules with 
SIP integration have been designed 
and manufactured.
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to reduce the printed circuit board 
(PCB) footprint. Specifi c MMIC 
chip-sets for the up and downconvert-
ers have been developed by the proj-
ect. These integrate several different 
functions and provide gain improve-
ments, achieving the 18 dBm power 
target for the upconverter and 31/33 
dB gain for the downconverter with 
2.5 dB noise factor. These two chip-
sets, together with a power amplifi er, 
are the core elements of the front end 
radio modules for the network nodes. 
Tables 4 and 5 list target parameters 
for the NTE and TH-RN radio mod-
ules and antennas.

Specifi c SIPs using a supporting 
PCB etched on an organic substrate 
and including the MMIC chip-sets, 
fi lters, isolator/circulator and the an-
tenna interconnection have been 
designed and manufactured for the 
SARABAND demonstrator. An ex-
ample of a manufactured SIP design 
is the NTE transceiver shown in Fig-
ure 7, which consists of a 42 × 25 mm 
rectangular module. It is composed of 
the upconverter and downconverter 
chip-sets soldered on a metallic plate, 
and a circulator which isolates the 
uplink from the downlink and allows 
alternative transmission and recep-
tion. A specifi c connector adapted for 
40 to 45 GHz is used for the antenna 
interface. Signals coming from the 
local oscillator and the intermediate 
frequency amplifi er and power are 
supplied through the PCB. Finally, a 
cover plate shields the module.

One of the biggest challenges has 
been to successfully miniaturize the 
front end radio modules. The use 
of SIP integration and GaAs-based 
MMIC modules has made this pos-
sible. In addition, miniaturization 
has reduced circuit losses, reduced 
cost (low site rental, easy installation) 
and enhanced acceptability. In the 
future, novel technologies such as Si-
Ge-based devices and high frequency 
switch components could easily be 
incorporated to improve the perfor-
mance of the chipsets and the SIP.

CONCLUSION
The Q-Band PMP backhaul archi-

tecture developed through the SARA-
BAND project provides multi-gigabit 
capacity in a cost-effective manner by 
exploiting PMP transmissions and the 
Q-Band spectrum. In addition, the 

of approximately 300 mm. Due to ex-
ternal limitations the size of the horn 
must be reduced without reducing its 
gain; therefore, special measures are 
incorporated in the horn structure to 
reduce its size and increase the gain 
to achieve the desired characteristics. 
The antenna has an impedance band-
width of 4.87 percent centered at 42 
GHz. Simulated radiation patterns 
in the horizontal plane at 42 GHz are 
shown in Figure 6b for various scan-
ning directions, corresponding to dif-
ferent confi gurations of tuned/detuned 
refl ector elements.

RF MODULES
Front end radio modules use ad-

vanced GaAs-based monolithic micro-
wave integrated circuit (MMIC) ele-
ments and benefi t from system-in-a- 
package (SIP) technology integration 

 Fig. 7  NTE transceiver.

 Fig. 6  Photograph of the fabricated 
fi xed-beam CSPA Q-Band antenna (a) simu-
lated radiation patterns (b).
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