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PROBLEM #1. [25 POINTS]

A 2.4 GHz microwave link operates with a quadcopter drone operating as shown in Figure 1. Both
the base station and the quadcopter use half-wave dipoles as antennas. The base station antenna
is mounted at a height of h1 = 10 m. The horizontal distance between the base station and drone
is d1 + d2 = 3.6 km. In the transmitting mode, the base station supplies 10 W to the input of the
transmitting antenna terminals.

KED OBSTACLE
(PART D, E)

Figure 1: Quadcopter microwave link

a) Beginning at a height of h2 = 5 m, the quadcopter ascends until it reaches a height of
h2 = 50 m. Plot the received signal power as the quadcopter ascends, noting the locations
and values of the maximum and minimum received power levels for 5 ≤ h2 ≤ 50 m. [7
points]
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b) Is it possible to explain the trend observed in part (a) using antenna array theory? Explain
and mathematically justify your statements. [3 points]

c) Explain how the curve in part (a) would change if horizontally-polarized half-wave dipoles
were used in the link instead of vertically-polarized half-wave dipoles. [3 points]
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d) A knife-edge diffraction obstacle with a height of hobs = 20 m is introduced at d1 = 2.4 km.
If the quadcopter is at a height of h2 = 15 m, determine the received power. At what height
h2 do the diffraction effects become negligible? [5 points]

e) The obstacle from part (d) remains in place. Beginning at a height of h2 = 5 m, the quad-
copter ascends until it reaches a height of h2 = 50 m. Sketch the received signal power on
a logarithmic scale as a function of h2 as the quadcopter ascends, for 5 ≤ h2 ≤ 50 m. [7
points]
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PROBLEM #2. [25 POINTS]

A satellite communication system operates as shown in Figure 2, with the uplink shown in Fig-
ure 2(a) and the downlink in Figures 2(b). The uplink operates at 30 GHz while the downlink
operates at 20 GHz. The satellite is at an orbital altitude of H = 35, 795 km (geosynchronous
orbit).

uplink

EARTH

(a) Uplink

PLANAR
2D ARRAY:

BEAM
PATTERN

CIRCULAR
COVERAGE CELL

EARTH

(b) Downlink, coverage for part d

Figure 2: Satellite communications link

a) Consider the uplink first. If the saturated input power density to the transponder is 12 pW/m2,
and an input power back-off of 2 dB is required, determine the ground station EIRP to
achieve the desired input power density to the transponder. The transmitting ground station
is located such that α = 60◦. [4 points]
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b) The receiver on the satellite is composed of the following components in cascade:

• Low noise amplifier with G = 20 dB, F = 3 dB

• Filter with L = 2 dB

• Active downconverter with G = 6 dB, F = 4 dB

Determine the receiver figure of merit G/T if the uplink antenna has an antenna temperature
of 290 K and a 2 m dish antenna with a gain of 55 dBi is used. [4 points]

c) Determine the CNR on the uplink if B = 500 MHz. Would employing a lower noise figure
LNA (e.g. F = 1 dB substantially improve the CNR? Why or why not? [5 points]
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d) The downlink uses a Nx × Ny planar antenna array with λ/2 element spacing to produce
the beam shown in Figure 2(b). This beam produces a circular coverage cell on the ground,
whose perimeter is set to be the first null in the beam pattern. Assuming that the elements
of the array are all driven with the same amplitude, determine the number of elements in
each direction, Nx and Ny, needed in the array to produce a cell of 1, 500 km radius on the
ground. [6 points]
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e) Plot the array factor of the array for the xz pattern cut, ifNx = 7 elements. It is not necessary
to compute angles of nulls. [6 points]
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PROBLEM #3. [25 POINTS]

A microwave RADAR system is used to measure the breathing rate of a patient at a distance, as
shown in Figure 3. The RADAR operates by measuring the velocity of the chest wall as it moves
due to heart and lung contractions. The RADAR is monostatic and operates at 60 GHz. The
RADAR employs a 4 cm × 2 cm rectangular aperture for the antenna.

RADAR

Figure 3: RADAR system for measuring breathing rate of patient

a) Determine the gain in dBi of the aperture antenna used, if the antenna has an aperture effi-
ciency of 80%. [4 points]

b) If the chest wall expands and contracts with a velocity of 1 m/s, determine the range of RF
input frequencies the RADAR can expect to receive. Determine the received power if the
radar cross section of the chest wall is 0.25 m2 and the power applied to the transmitting
antenna is 100 mW. [5 points]
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c) The patient is located a minimum of 10 m away from the RADAR. Determine the maximum
transmit power that can be applied to the antenna terminals to meet microwave exposure
guidelines for safety. The safety guidelines can be found in Table 1 on page 10. [5 points]

d) The RADAR is used to monitor the breathing rate of several patients located in a circle
surrounding the radar. It has been proposed that higher directional antennas can be used to
extend the range of system. Is this a good engineering choice? What considerations would
need to be made if this were implemented? Explain. [5 points]
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e) Nearby users of the 60 GHz band are concerned that the RADAR system will interfere with
their communication systems operating 10 km away. The bandwidth of their communication
system is 500 MHz, and theG/T of their receivers is 10 dB/K. Determine the CNR produced
by the RADAR at the neighbouring receivers if the transmit power is 100 mW as per part
(b), and make a determination if the interference is significant. [6 points]

Frequency Electric Field Magnetic Field Power Density Averaging
(MHz) Strength (V/m) Strength (A/m) (W/m2) Time (min)
0.003− 1 280 2.19 6
1− 10 280/f 2.19/f 6
10− 30 28 2.19/f 6
30− 300 28 0.073 2 6
300− 1500 1.585f 0.5 0.0042f 0.5 f/150 6
1500− 15000 61.4 0.163 10 6
15000− 150000 61.4 0.163 10 616000/f 1.2

150000− 300000 0.158f 0.5 4.21× 10−4f 0.5 6.67× 10−5f 616000/f 1.2

Table 1: Maximum permissible exposure limits for the general populace; f is in MHz
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PROBLEM #4. [25 POINTS]

A circular dish antenna with an aperture of diameter D is used as an antenna and is shown in
Figure 4(a). The current distribution on the aperture is symmetric with respect to the y-axis. If the
radial distance from the y axis is ρ, then the current distribution is described by

I(ρ) = Λ
( ρ
D

)
=

{
I0
(
1− ρ

D

)
0 ≤ ρ ≤ D

0 elsewhere ,

and is plotted in Figure 4(b). The current distribution holds for 0 ≤ φ ≤ 2π.

(a) Circular dish an-
tenna

(b) Current distribution

Figure 4: Aperture antenna details

a) Find an expression for the radiation intensity U produced by the antenna in the yz-plane.
You may need the following Fourier transform pair:

Λ

(
t

τ

)
⇔ τsinc2(τf)

If it is easier, think of ρ as the z-direction for finding this pattern cut. [7 points]
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b) Find the radiation intensity U produced by the antenna in the xz-plane. [3 points]

c) LetD = 10λ. Determine the HPBW of the radiation pattern. Use the HPBW to approximate
the beam solid angle ΩA of the antenna, and determine the directivity of the antenna based
on this result. [6 points]
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d) Repeat part (c) if the aperture had been uniformly illuminated, i.e., I(ρ) is constant over the
entire extent of the aperture 0 ≤ ρ ≤ D. [4 points]

e) If the current distribution described above is oriented in the y-direction, i.e.,

I(ρ) =

{
ŷI0

(
1− ρ

D

)
0 ≤ ρ ≤ D, 0 ≤ φ ≤ 2π

0 elsewhere ,

propose a new current distribution I ′(ρ) that will produce LHCP radiation along the y-axis.
[5 points]





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



• 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 (on dB scale):[
C

N0

]
= EIRP − FSL− LU +

G

T
+ 228.6 (units: dB-Hz)

• RCS: σ = 4πR2 Pr

Pi

• Radar range equation (monostatic RADAR):

Wr = Aeff,rPr =
Aeff,rWtGtσ

(4πR2l)2


