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PROBLEM #1. [10 POINTS]

A passive RADAR system is designed to use strong transmitters already in the environment, such
as FM radio and TV stations, to produce the illuminating radio signal. Figure 1 shows a passive
RADAR system which uses TV transmissions from the CN Tower to determine the velocity of a
moving vehicle by measuring the Doppler frequency of the target. By definition it is a bistatic
RADAR.

RADAR
RX

Figure 1: Passive RADAR system using emissions from the CN Tower

Consider using transmission from CBC (callsign CBLT, f = 79 MHz, Wt = 106.9 kW, ht =
491 m) to detect the speed of a vehicle moving 100 km/h directly towards the receiver. The trans-
mitter employs a half-wave dipole for transmission. The vehicle is located R1 = 40 km from the
transmitter, while the receiver is located R2 = 500 m from the vehicle at the time the velocity is
measured. The antenna noise temperature is 170 K. The receiver has a noise figure of 10 dB and a
bandwidth of 6 MHz.

a) Determine the power density produced at the RADAR receiver, if the vehicle has a radar
cross section of σ = 1 m2. Ignore losses beyond free-space loss. [2 points]
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b) If the receive antenna has a gain of Gr = 12 dBi, determine the frequency of the received
signal from the RADAR target and the CNR. [3 points]

c) Determine the gain of the receive antenna needed to detect a σ = 1 m2 target with a CNR of
20 dB or more, if a link margin of 6 dB is required. [2 points]
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d) Determine the minimum area of a flat plate RADAR target that can be successfully detected
by the system. [1 point]

e) Given the availability of such high-EIRP transmitters, the passive RADAR system is greatly
simplified compared to an active RADAR system. However, can you think of drawbacks
or challenges associated with the system that might complicate the implementation, and
possible solutions? Justify your answer, using calculations if needed. [2 points]
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PROBLEM #2. [10 POINTS]

A corner reflector antenna is shown in Figure 2. It consists of a half-wave dipole and two perfectly
conducting plates situated as shown in the illustration. For the analysis here, assume that the plates
are infinite in extent. The dipole is equidistant from both plates, with s = λ/4. Let the origin of
the coordinate system be at the point O shown in the illustration, where O is centred vertically in
the z-direction to align with the centre of the dipole.

Figure 2: Corner reflector

a) Sketch the equivalent radiation scenario using image theory, as viewed from the top similar
to the right side of Figure 2. Think carefully about the number of images there should be.
In what direction (θ0, φ0) do you expect maximum radiation intensity to be produced? [2
points]
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b) Write an expression for the array factor (AF) produced by the antenna and its images. Eval-
uate and sketch the AF in the xy-plane on a polar plot. [3 points]

c) Write an expression for the vector electric field E produced by the antenna and the corner
reflector over the range 0 ≤ θ ≤ π, 0 ≤ φ ≤ 2π. [1 point]
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d) If s is increased a small amount, would you expect the main beam of the antenna to narrow
or widen? Speculate on what happens qualitatively to the pattern if s becomes close to one
wavelength. [2 points]

e) If the reflecting plates were finite in extent, qualitatively predict what might happen to the
radiation pattern. What process is taking place at the edges of the plates where they end? [2
points]
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PROBLEM #3. [10 POINTS]

A microwave link between the University of Toronto Space Flight Laboratory and a micro-satellite
is shown in Figure 3(a). Micro-satellites are in a low earth orbit and are hence not geostationary,
so the situation shown in the figure is at a fixed instant in time. The orbital altitude of the micro-
satellite is H = 300 km. Initially, consider the situation where the satellite is at the zenith angle
(α = 90◦, ψ = 0◦, R = H), i.e. directly over the ground station. Consider the downlink, which
operates at a frequency of 10 GHz. The ground station uses a linear antenna array as the receiving
antenna, as shown in Figure 3(b).

a) The ground station antenna consists of 8 half-wave dipole elements separated by half a wave-
length. The array is positioned so that the broadside beam is pointed towards the zenith angle.
Plot the normalized E-field as a function of θ on a polar plot. You do not need to determine
the exact null angles. [2 points]
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GROUND STATION

MICROSAT

(a) Link geometry

Half-wave dipoles

zenith

LNA TX LINE FILTER DOWN-CONVERTER

(b) Receiver details

Figure 3: Micro-satellite system
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b) If the atmospheric attenuation and rain attenuation affect the signal as shown in Figure 3(a),
and the antenna is 70% efficient, determine the antenna temperature at the terminals of the
receiver if the background sky temperature is 50 K. [2 points]

c) If the receiver, shown in Figure 3(b) is used, and the array produces a pattern with a gain of
10 dBi, determine the overall receiver figure of merit G/T . [2 points]
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d) Determine the link margin in dB of the system if the satellite EIRP is 2 kW, the minimum
CNR is 10 dB, and the bandwidth of the system is 1 MHz. [2 points]

e) As the satellite moves away from the zenith angle, the array is mechanically turned so that
the main beam remains pointed at the satellite. However, the link loss increases since the
path length increases. Assuming the atmospheric and rain attenuation losses stay constant,
at what angle α does the free-space loss increase by 3 dB? [2 points]
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PROBLEM #4. [10 POINTS]

A point-to-point microwave link operating at 5 GHz is shown in Figure 4. The receiving antenna
has a gain of 6 dBi, and is connected to a receiver via a two-port receiver front end, which consists
of amplifiers, filters, etc. The transmitter height is ht = 100 m while the receiver height is hr =
75 m. Ignore the knife-edge obstacle initially.

knife-edge obstacle
(part c)

TX

TO RX
RECEIVER
FRONT-END

Figure 4: Microwave point-to-point link

a) Determine the maximum distance the two towers could be separated if atmospheric refrac-
tion was taken into account, and a spherical ground surface (corresponding to the curvature
of the Earth) is assumed. The towers are installed 1000 m above sea level, and the following
are atmospheric conditions at sea level: air pressure P = 1012 mb, partial pressure of water
vapour e = 11 mb; temperature T = 270 K. Assume the refractivity varies according to

N = Ns exp(−h/7000),

where Ns is the refractivity at sea level and h is the altitude in m. [2 points]
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b) The transmitter and receiver are separated by a distance of 31 km. Disregarding atmospheric
refraction, and assuming a planar earth as shown, determine the received power in dBm if the
transmitter EIRP is 300 W. Ignore attenuation due to atmospheric gases and rain. Assume
the transmitter and receiver are polarization- and impedance-matched. [2 points]

c) If a knife-edge diffraction obstacle with hobs = 110 m is introduced d1 = 20 km from the
transmitter as shown in Figure 4, determine the new received power in dBm. [2 points]
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d) If a power amplifier supplied 50 W of power to the antenna terminals, determine the diameter
of a circular aperture that would produce the EIRP given above if the antenna is assumed to
be 80% efficient. [2 points]

e) An engineer wishes to improve the SNR of the received signal by adding an additional 20 dB
amplifier at the output of the existing receiver front-end. Will this work? Explain. If not,
explain how one might improve the SNR without modifying the existing receiver front-end.
[2 points]
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USEFUL FORMULAE

• Free space impedance: η = 120π ≈ 377 Ω

• Free space wavenumber: β = 2π
λ

• Far field from a half-wave dipole at the origin: Eθ = jηI0
2π

exp(−jβr)
r

cos(π
2

cos θ) 1
sin θ

• Time-average Poynting (power density) vector: P = 1
2
E ×H∗

• Radiation intensity: U(θ, φ) = Prr
2

• Average radiation intensity:

Uavg =
1

4π

∫ 2π

0

∫ π

0

U(θ, φ) sin θdθdφ =
Wt

4π
.

• Maximum antenna gain: Gm = 4πr2Pmax
r

Wrad+Wloss
= 4πUmax

Wrad+Wloss

• Conversion from gain in dB to gain in linear scale: GdB = 10 log10G

• AF of uniform linear array: f = sin(Nψ/2)/N sin(ψ/2)

• Aperture antennas: θ1θ2D = 4π

• Friis formula in free space in linear scale: Wr

Wt
= GtGr

(
λ

4πr

)2
PLF (1− |Γt|2)(1− |Γr|2)

• Friis formula in free space in dB:

Wr(dBW or dBm) = Wt(dBW or dBm) +Gt(dB) +Gr(dB)− 20 log

(
4πR

λ

)
+10 log(PLF ) + 10 log(1− |Γr|2) + 10 log(1− |Γt|2)

• Friis formula with plane-earth reflection: Wr

Wt
= GtGr

(
λ

4πR

)2
4 sin2

(
2πh1h2
λR

)
• Fresnel-Kirchoff coefficient: v = h

√
2(d1+d2)
λd1d2

= α
√

2d1d2
λ(d1+d2)

• Lee approximation:

gdiff (dB) =


0 v ≤ −1
20 log(0.5− 0.62v) −1 ≤ v ≤ 0
20 log(0.5 exp(−0.95v)) 0 ≤ v ≤ 1

20 log(0.4−
√

0.1184− (0.38− 0.1v)2 1 ≤ v ≤ 2.4
20 log

(
0.225
v

)
v > 2.4

• Refractivity of air: N = 106(n − 1) = 77.6
T

(
p+ 4810e

T

)
, T = temperature in K, p = pressure

in mb, e = water vapour pressure in mb



ECE422 Final Examination Page 18

• Radius of the earth: Re = 6368 km

• Atmospheric refraction: 1
K

= 1 +Re
dn
dh

• Atmospheric attenuation constants in dB/km:

ao =

{
0.001

[
0.00719 + 6.09

f2GHz+0.227
+ 4.81

(fGHz−57)2+1.50

]
f 2

GHz fGHz < 57

ao(57) + 1.5(fGHz − 57) fGHz ≥ 57

aw = 0.0001

[
0.050 + 0.0021ρ+

3.6

(fGHz − 22.2)2 + 8.5
+

10.6

(fGHz − 183.3)2 + 9.0

+
8.9

(fGHz − 325.4)2 + 26.3

]
f 2

GHz · ρ f < 350

• Geosynchronous orbit altitude: 6.61 earth radii

• Boltzmann’s constant: k = 1.38× 10−23 J/K

• Noise figure: F = 1 + Te
T0

• Noise temperature of passive network (with respect to input): Te = (L− 1)Tg

• Cascaded noise temperature: Te = Te1 + Te2
G1

+ Te3
G1G2

+ · · ·+ TeN
G1G2···GN−1

• Sky temperature:

T ′sky =
Tsky
LaLr

+
(La − 1)T0a

LaLr
+

(Lr − 1)T0r
Lr

• Link budgets:[
C

N0

]
U

= EIRPG − FSLU − LU +
GS

TS
+ 228.6 (units: dB-Hz)

• RCS: σ = 4πR2 Pr

Pi

• Radar range equation (monostatic RADAR):

Wr = Aeff,rPr =
Aeff,rWtGtσ

(4πR2l)2


