Introduction

1.1 Block Diagram of RF Power Amplifiers

A power amplifier [1-15] is a key element to build a wireless communication system
successfully. To minimize interference and spectral re-growth, transmitters must be linear.
A block diagram of an RF power amplifier is shown in Figure 1.1. It consists of a transistor
(MOSFET, MESFET, or BJT), output network, input network, and RF choke. In RF power
amplifiers, a transistor can be operated

e as a dependent-current source;
e as a switch;

e in overdriven mode (partially as a dependent source and partially as a switch).

Figure 1.2(a) shows a model of an RF power amplifier in which the transistor is operated
as a voltage- or current-dependent current source. When a MOSFET is operated as a depen-
dent current source, the drain current waveform is determined by the gate-to-source voltage
waveform and the transistor operating point. The drain voltage waveform is determined
by the dependent current source and the load network impedance. When a MOSFET is
operated as a switch, the switch voltage is nearly zero when the switch is ON and the drain
current is determined by the external circuit due to the switching action of the transistor.
When the switch is OFF, the switch current is zero and the switch voltage is determined by
the external circuit response.

In order to operate the MOSFET as a dependent-current source, the transistor cannot
enter the ohmic region. It must be operated in the active region, also called the pinch-
off region or the saturation region. Therefore, the drain-to-source voltage vps must be
kept higher than the minimum value Vpgpn, i.., vps > Vpsmin = Vgs — Vi, where V; is
the transistor threshold voltage. When the transistor is operated as a dependent-current
source, the magnitudes of the drain current ip and the drain-to-source voltage vpg are
nearly proportional to the magnitude of the gate-to-source voltage vgs. Therefore, this type
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Figure 1.1

Block diagram of RF power amplifier.
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Figure 1.2 Modes of operation of transistor in RF power amplifiers. (a) Transistor as a dependent
current source. (b) Transistor as a switch.

of operation is suitable for linear power amplifiers. Amplitude linearity is important for
amplitude-modulated (AM) signals.

Figure 1.2(b) shows a model of an RF power amplifier in which the transistor is operated
as a switch. To operate the MOSFET as a switch, the transistor cannot enter the active
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region, also called the pinch-off region. It must remain in the ohmic region when it is ON
and in the cutoff region when it is OFF. To maintain the MOSFET in the ohmic region, it
is required that vps < Vgs — V;. If the gate-to-source voltage vgs is increased at a given
load impedance, the amplitude of the drain-to-source voltage vpg will increase, causing the
transistor to operate initially in the active region and then in the ohmic region. When the
transistor is operated as a switch, the magnitudes of the drain current ip and the drain-to-
source voltage vpg are independent of the magnitude of the gate-to-source voltage vgs. In
most applications, the transistor operated as a switch is driven by a rectangular gate-to-
source voltage vgs. A sinusoidal gate-to-source voltage Vg is used to drive a transistor
as a switch at very high frequencies, where it is difficult to generate rectangular voltages.
The reason to use the transistors as switches is to achieve high amplifier efficiency. When
the transistor conducts a high drain current ip, the drain-to-source voltage vps is low vpg,
resulting in low power loss.

If the transistor is driven by sinusoidal voltage vgs of high amplitude, the transistor is
overdriven. In this case, it operates in the active region when the instantaneous values of
vgs are low and as a switch when the instantaneous values of vgg are high.

The main functions of the output network are:

e impedance transformation;
e harmonic suppression;

e filtering of the spectrum of a signal with bandwidth BW to avoid interference with
communication signals in adjacent channels.

1.2 Classes of Operation of RF Power Amplifiers

The classification of RF power amplifiers with a transistor operated as a dependent-current
source is based on the conduction angle 26 of the drain current. Waveforms of the drain
current ip of a transistor operated as a dependent-source in various classes of operation
for sinusoidal gate-to-source voltage vgs are shown in Figure 1.3. The operating points for
various classes of operation are shown in Figure 1.4.

In Class A, the conduction angle 26 is 360°. The gate-to-source voltage vgs must be
higher than the transistor threshold voltage V;, i.e., vgs > V;. This is accomplished by
choosing the dc component of the gate-to-source voltage Vs sufficiently greater than
the threshold voltage of the transistor V; such that Vgg — Vg, > Vi, where Vg, is the
amplitude of the ac component of vgg. The dc drain current Ip must be greater than the
amplitude of the ac component /,,, of the drain current ip. As a result, the transistor conducts
during the entire cycle.

In Class B, the conduction angle 26 is 180°. The dc component Vs of the gate-to-source
voltage vgs is equal to V, and the drain bias current I is zero. Therefore, the transistor
conducts for only half of the cycle.

In Class AB, the conduction angle 20 is between 180° and 360°. The dc component of
the gate-to-source voltage Vs is slightly above V; and the transistor is biased at a small
drain current Ip. As the name suggests, Class AB is the intermediate class between Class
A and Class B.

In Class C, the conduction angle 26 of the drain current is less than 180°. The operating
point is located in the cutoff region because Vs < V;. The drain bias current Ip is zero.
The transistor conducts for an interval less than half of the cycle.
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Figure 1.3 Waveforms of the drain current ip in various classes of operation. (a) Class A.
(b) Class B. (c¢) Class AB. (d) Class C.
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Figure 1.4 Operating points for Classes A, B, AB, and C.
Class A, AB, and B operations are used in audio and RF power amplifiers, whereas
Class C is used only in RF power amplifiers.

The transistor is operated as a switch in Class D, E, and DE RF power amplifiers. In
Class F, the transistor can be operated as either a dependent current source or a switch.
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1.3 Parameters of RF Power Amplifiers

The dc supply power of an amplifier is
P =10V. (1.1)

When the resonant frequency of the output network f, is equal to the operating frequency
f, the power delivered by the drain to the output network (the drain power) is given by
1 1, Vv
Pps = 2Im\/m = 2ImR =2
where [, is the amplitude of the fundamental component of the drain current ip, V,, is
the amplitude of the fundamental component of the drain-to-source voltage vpg, and R is
the input resistance of the output network at the fundamental frequency. If the resonant
frequency f, is not equal to the operating frequency f, the drain power of the fundamental
component is given by

(1.2)

V.2cos ¢
2R

where ¢ is the phase shift between the fundamental components of the drain current and
the drain-to-source voltage reduced by .
The power level is often referenced to I mW and is expressed as

[P(W)]
0.001
A dBm value or dBW value represents an actual power, whereas a dB value represents a

ratio of power, such as the power gain.
The instantaneous drain power dissipation is

1 1
PDS = Elme COS¢ = EI"%R COS¢ = (13)

P =10 log

(dBm) = —30 + 10 log[P (W)](dBW). (1.4)

pp(wt) = ipvps. (1.5)
The drain power dissipation is
1 2 1 2w
Pp = —/ pp d(wt) = —/ ipvps d(wt) = P; — Pps. (1.6)
2 0 2 0
The drain efficiency is
Pps P —Pp Pp
=—=—=1-—. 1.7
= P, P, (1.7)
The gate-drive power is
1 2
Ps = —/ igvgs d(wt). (1.8)
21 0
For sinusoidal gate current and voltage,
1 RgI2
PG = SlgnVeon 08 b6 = Tgm (1.9)

where I,,, is the amplitude of the gate current, Vi, is the amplitude of the gate-to-source
voltage, R is the gate resistance, and ¢ is the phase shift between the fundamental
components of the gate current and the gate-to-source voltage.

The output power is

P—IIV —112R—V”2'“ (1.10)
0—20m0m—20mL—2RL~ .
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The power loss in the resonant output network is

P, = Pps — Po. (1.11)
The efficiency of the resonant output network is
Po
=—. 1.12
= (1.12)
The overall power loss on the output side of the amplifier is
Pross = P — Pgp = Pp + P,. (1.13)
The overall efficiency of the amplifier is
Po  Po Ppg
Py Pps P;
The average efficiency is
Po
nav = —= (1.15)
Prav)

where Ppv) is the average output power and P;4v) is the average dc supply power over
a specified period of time. The efficiency of power amplifiers in which transistors are oper-
ated as dependent-current sources increases with the amplitude of the output voltage V,,. It
reaches the maximum value at the maximum amplitude of the output voltage, which cor-
responds to the maximum output power. In practice, power amplifiers are usually operated
below the maximum output power. For example, the drain efficiency of the Class B power
amplifier is np = /4 =78.5% at V,, = Vj, but it decreases to np = 7/8 = 39.27 % at
Vi = Vi /2.

The power-added efficiency is the ratio of the difference between the output power and
the gate-drive power to the supply power:

Output power — Drive power  Po —Pg _ Po <1 1 > _ <1 1 >

DC supply power Py P a E

NPAE =

Ifkp :PO/PG = la NPAE =0. Ifkp > 1, NPAE ~ 1.
The output power capability is given by

- PO(max) _ nP; =L<I_I>(VI>
P NIpyVpsw ~ NlpyVpsu 2N \Upy Vpsm

v () 6 () ()
(Y () (2 (1.17)
2N \ I Ipy Vi Vpsm

where Ipy; is the maximum value of the instantaneous drain current ip, Vpgy is the max-
imum value of the instantaneous drain-to-source voltage vps, and N is the number of
transistors in an amplifier, which are not connected in parallel or in series. For example, a
push-pull amplifier has two transistors. The maximum output power of an amplifier with a
transistor having the maximum ratings Ipy; and Vpgys is

Po(maxy = cplpm Vosm - (1.18)

As the output power capability ¢, increases, the maximum output power Poguay) also
increases. The output power capability is useful for comparing different types or families
of amplifiers.

Typically, the output thermal noise of power amplifiers should be below —130 dBm. This
requirement is to introduce negligible noise to the input of the low-noise amplifier (LNA)
of the receiver.
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Example 1.1

An RF power amplifier has Pp = 10W, P; =20W, Ps = 1 W. Find the efficiency, power-

added efficiency, and power gain.

Solution. The efficiency of the power amplifier is

Po 10
=—=—=50%. 1.19
=BT 20 0 (1.19)
The power-added efficiency is
Po—P; 10—1
p=-2 "¢ _ = 45 %. (1.20)
Py 20
The power gain is
Po 10
k, = — = — =10 = 10 log(10) = 10dB. (1.21)
Pg 1
1.4 Conditions for 100 % Efficiency of Power
Amplifiers
The drain efficiency is given by
Pps Pp
=2 _ 12 1.22
= "p, P, (1.22)
The condition for achieving a drain efficiency of 100 % is
1 T
Pp = —/ ipvps dt = 0. (1.23)
T Jo

For an NMOS, ip > 0 and vpg > 0 and for a PMOS, ip < 0 and vpg < 0. In this case, the

condition for achieving a drain efficiency of 100 % becomes

iD Vps = 0.

(1.24)

Thus, the waveforms ip and vpg should be nonoverlapping for an efficiency of 100 %.

Nonoverlapping waveforms ip and vpg are shown in Figure 1.5.

The drain efficiency of power amplifiers is less than 100 % for the following cases:

e The waveforms of ip > 0 and vpg > 0 are overlapping (e.g., like in a Class C amplifier).

e The waveforms of ip and vpg are adjacent, and the waveform vpg has a jump at t = ¢,
and the waveform ip contains an impulse Dirac function, as shown in Figure 1.6(a).

e The waveforms of ip and vpg are adjacent, and the waveform ip has a jump at t = ¢,
and the waveform vpg contains an impulse Dirac function, as shown in Figure 1.6(b).

For the case of Figure 1.6(a), an ideal switch is connected in parallel with a capacitor
C. The switch is turned on at t = #,, when the voltage vpg across the switch is nonzero.

At t =t,, this voltage can be described by

115 t—ty

1 . . AV
vps(t,) = 3 |:11m vps(t) + lim (l):| =

—p—
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Figure 1.5 Nonoverlapping waveforms of drain current i, and drain-to-source voltage vps.

At t =t,, the drain current is given by
ip(ty) = CAVS(t —t,).
Hence, the instantaneous power dissipation is
, 1CAV2s(t —1,)  for
po(t) =ipvps =
0 for
resulting in the time average power dissipation

P —I/T' dt—lfCAV2
== ipv = -
D= A DVDS >

and the drain efficiency
Pp fCAV?

=1—-—=1
n P, 2P,

(1.26)

(1.27)

(1.28)

(1.29)

In a real circuit, the switch has a small series resistance, and the current through the switch

is an exponential function of time of finite peak value.

Example 1.2

An RF power amplifier has a step change in the drain-to-source voltage at the MOSFET
turn-on Vpg =5V, the transistor capacitance is C = 100 pF, the operating frequency is
f =2.4GHz, and the dc supply power is P; = 5 W. Assume that all parasitic resistances

are zero. Find the efficiency of the power amplifier.

Solution. The switching power loss is

! 2 1 9 12, 52
PDzifCAVDS=§x2.4x10 x 100 x 1077 x 5" =3 W.

—p—
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Hence, the drain efficiency of the amplifier is

Po P —P j2 3
_Ozuzl——l’:l—gzzm%. (1.31)

= Py Py Py

For the amplifier of Figure 1.6(b), an ideal switch is connected in series with an inductor
L. The switch is turned on at t = t,, when the current ip, through the switch is nonzero. At
t = t,, the switch current can be described by

L . Al
ip(t,) == | lim ip(¢) + lim ip(t) | = —. (1.32)
2 sty 11 2
Vi v
Output Output
Network Network
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Figure 1.6 Waveforms of drain current i and drain-to-source voltage vps with delta Dirac func-
tions. (a) Circuit with the switch in parallel with a capacitor. (b) Circuit with the switch in series
with an inductor.

—p—



—p—

10 RF POWER AMPLIFIERS

At t =t,, the drain current is given by
vps(t,) = LAIS(t —t,). (1.33)

Hence, the instantaneous power dissipation is

1 2
SsLAI“S(t —t,) for t=t,
t)=1ipv = 2 134
pp(t) =ipvps { 0 —— (1.34)
resulting in the time average power dissipation
17 1 5
Pp = — ipvps dt = —fLAI (1.35)
T Jo 2
and the drain efficiency
P Al
o =120 AL (1.36)

Py 2P,
In reality, the switch in the off-state has a large parallel resistance and voltage with a finite
peak value developed across the switch.

1.5 Conditions for Nonzero Output Power at 100 %
Efficiency of Power Amplifiers

The drain current and drain-to-source voltage waveforms have fundamental limitations for
simultaneously achieving 100 % efficiency and Pp > 0 [9, 10]. The drain current ip and
the drain-to-source voltage vps can be represented by the Fourier series

o0 oo
ip =1+ i =11 + Y lin sin(not + ) (1.37)
n=lI n=lI
and
[o,0) o0
vps =Vi+ Y Vam =Vi+ Y Vag sin(not + 9,). (1.38)
n=l1 n=1

The derivatives of these waveforms with respect to time are

d. o
i) = % = w;nldn cos(nat + ¥,) (1.39)
and
’ dVDS >
Vps =g =@ Zans,, cos(nwt + 9,). (1.40)

n=1

Hence, the average value of the product of the derivatives is
1 T 0)2 oo oo
?/0 invhs dt = - > 0Ly Vagn cos ¢y = —* > n* Py (1.41)
n=lI n=1

where ¢, = 0, — ¥, — . Next,

./ /
ng_l n Pdsn = —m /(; IpVps dz. (142)

—p—
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If the efficiency of the output network is n, = 1 and the power at harmonic frequencies is
zero, i.e., Pgo =0, Py3 =0, ..., then

l T -/ /
Py = Po = _W/O IpVps dr. (1.43)

For multipliers, if 1, = 1 and the power at the fundamental frequency and at harmonic
frequencies is zero except that of the n-th harmonic frequency, then the power at the n-th
harmonic frequency is

1 T ./ /
Py, = Po, = _4—7'[2;/12 /O IpVps dr. (1.44)
If the output network is passive and linear, then
T T
< <. 1.45
7= ¢n = 2 (1.45)

In this case, the output power is nonzero

Po >0 (146)
if
1 T
?/0 ipvps dt < 0. (1.47)
If the output network and the load are passive and linear and
1 T
?/0 ifvhs dt =0 (1.48)
then
Po=0 (1.49)

for the following cases:

e The waveforms ip and vps are nonoverlapping, as shown in Figure 1.5.

e The waveforms ip and vpg are adjacent and the derivatives at the joint time instants
are i,(t;) = 0 and v/,4(#j) = 0, as shown in Figure 1.7(a).

e The waveforms ip and vpg are adjacent and the derivative ij,(#;) at the joint time instant
t; has a jump and v;,(t;) = 0, or vice versa, as shown in Figure 1.7(b).

e The waveforms ip and vps are adjacent and their both derivatives ip(#;) and Vpg(z;)
have jumps at the joint time instant #;, as shown in Figure 1.7(c).

1.6 Output Power of Class E ZVS Amplifier

The Class E zero-voltage switching (ZVS) RF power amplifier is shown in Figure 1.8.
Waveforms for the Class E amplifier under zero-voltage switching and zero-derivative
switching (ZDS) conditions are shown in Figure 1.9. Ideally, the efficiency of this ampli-
fier is 100 %. Waveforms for the Class E amplifier are shown in Figure 1.9. The drain
current ip has a jump at t =1,. Hence, the derivative of the drain current at t =1, is
given by

in(ty) = AIS(t —t,) (1.50)
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Figure 1.9 Waveforms of Class E ZVS power amplifier.
and the derivative of the drain-to-source voltage at t = ¢, is given by

1 Sy
vps(to) = 3 |:lim Vs () + lim vl/)s(t):| =2 (1.51)

t—t, t—t, 2
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The output power of the Class E ZVS amplifier is

1 T. 1 T
PdS =P0 = —m'/(; l/DV/DS dr = —m/(; VbSAI(S(t — to)dt

ALS, [T AIS,
= — 8t —t,)dt = ———— 1.52
el A = (1.52)
where AI < 0. Since
Al = —0.69881py, (1.53)
and
S, = 11.08fVpsy (1.54)
the output power is
_ _ AL = 0.09811py V, (1.55)
o= 87r2f_ . DM VDSM - .
Hence, the output power capability is
Po
c, = = 0.0981. (1.56)
Ipym Vpsu

Example 1.3

A Class E ZVS RF power amplifier has a step change in the drain current at the MOSFET
turn-off Alp = —1 A, a slope of the drain-to-source voltage at the MOSFET turn-off S, =
11.08 x 108 V/s, and the operating frequency is f = 1 MHz. Find the output power of the
amplifier.

Solution. The output power of the power amplifier is

AIS,  —1x11.08 x 10
82 872 x 106

Py = — 14.03W. (1.57)

1.7 Class E ZCS Amplifier

The Class E zero-current switching (ZCS) RF power amplifier is depicted in Figure 1.10.
Current and voltage waveforms under zero-current switching and zero-derivative switching
(ZDS) conditions are shown in Figure 1.11. The efficiency of this amplifier with perfect

Figure 1.10 Class E ZCS power amplifier.
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Figure 1.11 Waveforms of Class E ZCS power amplifier.

components and under ZCS condition is 100 %. The drain-to-source voltage vps has a jump
at t = t,. The derivative of the drain-to-source voltage at t = ¢, is given by

Vps (to) = AVt —1,) (1.58)
and the derivative of the drain current at ¢ = #,, is given by
y | N Si
in(ty) == | lim ip(t) + lim ip(¢) | = —. (1.59)
2 | isey 1=t} 2
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The output power of the Class E ZCS amplifier is

1 T 1 "
PdS =P0 = —m'/(; l/DV/DS dr = —m/(; l[/,AV(S(t - to)dt

AVS; (T AVS;
=——— | 8(t—t)dt=——0r. (1.60)
812 Jo 8m2f
Since
AV = —0.6988Vpsu (1.61)
and
S; = 11.08fIpy (1.62)
the output power is
AVS;
Po =— = 0.09811py Vpsu - (1.63)
8mf
Hence, the output power capability is
Po
c = 0.0981. (1.64)

p =
Ipy Vpsm

Example 1.4

A Class E ZCS RF power amplifier has a step change in the drain-to-source voltage wave-
form at the MOSFET turn-on AVps = —100V, a slope of the drain current at the MOSFET
turn-on S; = 11.08 x 10° V/s, and the operating frequency is f = 1 MHz. Find the output
power of the amplifier.

Solution. The output power of the power amplifier is

AVDSS,- _ —100 x 11.08 x 107

Po=— -
o 872f 872 x 106

— 140.320 W. (1.65)

1.8 Propagation of Eleciromagnetic Waves

An antenna is a device for radiating or receiving electromagnetic radio waves. A transmitting
antenna converts an electrical signal into an electromagnetic wave. It is a transition structure
between a guiding device (such as a transmission line) and free space. A receiving antenna
converts an electromagnetic wave into an electrical signal. The electromagnetic wave travels
at the speed of light in free space. The wavelength of an electromagnetic wave in free space
is given by

A= 1.66
7 (1.66)

where ¢ = 3 x 10% m/s is the velocity of light in free space.
An isotropic antenna is a theoretical point antenna that radiates energy equally in all
directions with its power spread uniformly on the surface of a sphere. This results in a

—p—
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spherical wavefront. The uniform radiated power density at a distance r from a transmitter
with the output power Pr is given by

Pr
drr?’
The power density is inversely proportional to the square of the distance r. The hypothetical
isotropic antenna is not practical, but is commonly used as a reference to compare with other
antennas. If the transmitting antenna has directivity in a particular direction and efficiency,
the power density in that direction is increased by a factor called the antenna gain G7. The
power density received by a receiving directive antenna is

p(r) = (1.67)

Pr
(r) = _ 1.68
pr(r) = Gr o (1.68)

The antenna efficiency is the ratio of the radiated power to the total power fed to the
antenna.
A receiving antenna pointed in the direction of the radiated power gathers a portion of the
power that is proportional to its cross-sectional area. The antenna effective area is given by
)\'2
A, = Gp— (1.69)
4
where Gy, is the gain of the receiving antenna and X is the free-space wavelength. Thus, the
power received by a receiving antenna is given by the Herald Friis formula for free-space
transmission as
2

A ¢\
P =A, = GrGrPr———5 = GrGrPr | —— | . 1.70
REC p(r) = GrGg " rGr T(47T"fc> (1.70)

The received power is proportional to the gain of either antenna and inversely proportional
to r2. For example, the gain of the dish (parabolic) antenna is given by

(7) =(%)
Gr=Gr=6[—) =6 — (1.71)
A c

where D is the mouth diameter of the primary reflector. For D = 3m and f = 10 GHz,
Gr = Gg = 60,000 = 47.8 dB.

The space loss is the loss due to spreading the RF energy as it propagates through free
space and is defined as

Pr (47”)2 ( Pr ) <4nr)
S; = =(==) =1010 =20 log [ — ). (1.72)
g Prec A & Prec £ A

There are also other losses such as atmospheric loss, polarization mismatch loss, impedance
mismatch loss, and pointing error denoted by Ly, . Hence, the link equation is

Lsyst GTGRPT A 2
P =—7 |- . 1.73
REC any " (1.73)
The maximum distance between the transmitting and receiving antennas is
A P
Ymax = - LsystGTGR <7T> (174)
4 Prec (min)

Antennas are used to radiate the electromagnetic waves and transmit through the atmo-
sphere. The radiation efficiency of antennas is high only if their dimensions are of the same
order of magnitude as the wavelength of the carrier frequency f,. The length of antennas is
usually A/2 (a half-dipole antenna) or A/4 (quarter-wave antenna) and it should be higher
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than A/10. For example, the height of a quarter-wave antenna h, = 750m at f, = 100kHz,
h, =75m at f, = 1 MHz, h, =7.5cm at f, = 1 GHz, and h, = 7.5mm at f, = 10 GHz.
There are three groups of electromagnetic waves based on their propagation properties:

e ground waves (below 2 MHz);
e sky waves (2—-30 MHz);

e line-of-sight waves, also called space waves or horizontal waves (above 30 MHz).

Wave propagation is illustrated in Figure 1.12. The ground waves travel parallel to the
Earth’s surface and suffer little attenuation by smog, moisture, and other particles in the
lower part of the atmosphere. Very high antennas are required for transmission of these low-
frequency waves. The approximate transmission distance of ground waves is about 1600 km
(1000 miles). Ground wave propagation is much better over water, especially salt water,
than over a dry desert terrain. Ground wave propagation is the only way to communicate
into the ocean with submarines. Extremely low frequency (ELF) waves (30—300 Hz) are
used to minimize the attenuation of the waves by sea water. A typical frequency is 100 Hz.

The sky waves leave the curved surface of the Earth and are refracted by the iono-
sphere back to the surface of the Earth and therefore are capable of following the Earth’s
curvature. The altitude of refraction of the sky waves varies from 50 to 400 km. The trans-
mission distance between two transmitters is 4000 km. The ionosphere is a region above
the atmosphere, where free ions and electrons exist in sufficient quantity to affect the wave
propagation. The ionization is caused by radiation from the Sun. It changes as the position
of a point on the Earth with respect to the Sun changes daily, monthly, and yearly. After
sunset, the lowest layer of the ionosphere disappears because of rapid recombination of
its ions. The higher the frequency, the more difficult is the refracting (bending) process.
Between the point where the ground wave is completely attenuated and the point where
the first wave returns, no signal is received, resulting in the skip zone.

The line-of-sight waves follow straight lines. There are two types of line-of-sight waves:
direct waves and ground reflected waves. The direct wave is by far the most widely used for
propagation between antennas. Signals of frequencies above HF band cannot be propagated

lonosphere
m / j Earth j l \
(a) (b)
Satellite Satellite
Earth O\ Earth //D

(© (d)

Figure 1.12 Electromagnetic wave propagation. (a) Ground wave propagation. (b) Sky wave
propagation. (c¢) Horizontal wave propagation. (d) Wave propagation in satellite communications.
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for long distances along the surface of the Earth. However, it is easy to propagate these
signals through free space.

1.9 Frequency Spectrum

Table 1.1 gives the frequency spectrum. In the United States, the allocation of carrier
frequencies, bandwidths, and power levels of transmitted electromagnetic waves is regulated
by the Federal Communications Commission (FCC) for all nonmilitary applications. The
communication must occur in a certain part of the frequency spectrum. The carrier frequency
f determines the channel frequency.

Low-frequency (LF) electromagnetic waves are propagated by the ground waves. They
are used for long-range navigation, telegraphy, and submarine communication. The medium-
frequency (MF) band contains the commercial radio band from 535 to 1705 kHz. This band
is used for radio transmission of amplitude-modulated (AM) signals to general audiences.
The carrier frequencies are from 540 to 1700 kHz. For example, one carrier frequency is
at f, = 550kHz, and the next carrier frequency f. = 560 kHz. The modulation bandwidth
is SkHz. The average power of local stations is from 0.1 to 1 kW. The average power of
regional stations is from 0.5 to 5kW. The average power of clear stations is from 0.25 to
50kW. A radio receiver may receive power as low as of 10pW, 1 uV/m, or 50UV across
a 300-€2 antenna. Thus, the ratio of the output power of the transmitter to the input power
of the receiver is on the order of Pr/Pggc = 101.

The range from 1705 to 2850kHz is used for short-distance point-to-point communi-
cations for services such as fire, police, ambulance, highway, forestry, and emergency
services. The antennas in this band have reasonable height and radiation efficiency. Aero-
nautical frequency range starts in MF range and ends in HF range. It is from 2850 to
4063 kHz and is used for short-distance point-to-point communications and ground-air-
ground communications. Aircraft flying scheduled routes are allocated specific channels.
The high-frequency (HF) band contains the radio amateur band from 3.5 to 4 MHz in the
United States. Other countries use this band for mobile and fixed services. High frequencies
are also used for long-distance point-to-point transoceanic ground-air-ground communica-
tions. High frequencies are propagated by sky waves. The frequencies from 1.6 to 30 MHz
are called short waves.

The very high frequency (VHF) band contains commercial FM radio and most TV
channels. The commercial frequency-modulated (FM) radio transmission is from 88 to

Table 1.1 Frequency spectrum.

Frequency range Band name Wavelength range
30-300 Hz Extremely Low Frequencies (ELF) 10 000-1000 km
300-3000Hz Voice Frequencies (VF) 1000-100 km
3-30kHz Very Low Frequencies (VLF) 100-10km
30-300kHz Low Frequencies (LF) 10—1km
0.3-3MHz Medium Frequencies (MF) 1000-100 m
3-30 MHz High Frequencies (HF) 100-10m
30-300 MHz Very High Frequencies (VHF) 100-10cm
0.3-3GHz Ultra High Frequencies (UHF) 100-10cm
3-30GHz Super High Frequencies (SHF) 10—1cm
30-300GHz Extra High Frequencies (EHF) 10—1 mm
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Table 1.2 Broadcast frequency allocation.

Radio or TV Frequency range Channel spacing
AM Radio 535-1605kHz 10kHz

TV (channels 2-6) 54-72 MHz 6 MHz
TV 76—-88 MHz 6 MHz
FM Radio 88—-108 MHz 200kHz

TV (channels 7—-13) 174-216 MHz 6 MHz
TV (channels 14-83) 470-806 MHz 6 MHz

Table 1.3 UHF and SHF frequency bands.

Band Name Frequency Range Units
L 1-2 GHz
S 2-4 GHz
C 4-8 GHz
X 8-12.4 GHz
Ku 12.4-18 GHz
K 18-26.5 GHz
Ku 26.5-40 GHz

108 MHz. The modulation bandwidth is 15 kHz. The average power is from 0.25 to 100 kW.
The transmission distance of VHF TV signals is 160 km (100 miles).

TV channels for analog transmission range from 54 to 88 MHz and from 174 to 216 MHz
in the VHF band and from 470 to 890 MHz in the ultrahigh-frequency (UHF) band. The
average power is 100kW for the frequency range from 54 to 88 MHz and 316 kW for
the frequency range from 174 to 216 MHz. Broadcast frequency allocations are given in
Table 1.2. The UHF and SHF frequency bands are given in Table 1.3. The cellular phone
frequency allocation is given in Table 1.4.

The superhigh frequency (SHF) band contains satellite communications channels. Satel-
lites are placed in orbits. Typically, these orbits are 37 786 km in altitude above the equator.
Each satellite illuminates about one-third of the Earth. Since the satellites maintain the same
position relative to the Earth, they are placed in geostationary orbits. These geosynchronous
satellites are called GEO satellites. Each satellite contains a communication system that can
receive signals from the Earth or from another satellite and transmit the received signal back
to the Earth or to another satellite. The system uses two carrier frequencies. The frequency
for transmission from the Earth to the satellite (uplink) is 6 GHz and the transmission
from the satellite to the Earth (downlink) is at 4 GHz. The bandwidth of each channel is
500 MHz. Directional antennas are used for radio transmission through free space. Satellite
communications are used for TV and telephone transmission. The electronic circuits in the
satellite are powered by solar energy using solar cells that deliver the supply power of about
1kW. The combination of a transmitter and a receiver is called a transponder. A typical
satellite has 12 to 24 transponders. Each transponder has a bandwidth of 36 MHz. The total
time delay for GEO satellites is about 400 ms and the power of received signals is very
low. Therefore, a low Earth-orbit (LEO) satellite system was deployed for a mobile phone
system. The orbits of LEO satellites are 500—1500 km above the Earth. These satellites are
not synchronized with the Earth’s rotation. The total delay time for LEO satellite is about
250 ms.
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Table 1.4 Cellular phone frequency allocation.
System Frequency range Channel spacing Multiple access
AMPS M-B 824-849 MHz 30 MHz FDMA
B-M 869-894 MHz 30 MHz
GSM-900 M-B  880-915MHz 0.2 MHz TDMA
B-M 915-990 MHz 0.2 MHz
GSM-1800 M-B 1710-1785MHz 0.2 MHz TDMA
B-M 1805-1880 MHz 0.2 MHz
PCS-1900 M-B 1850-1910kHz 30 MHz TDMA
B-M 1930-1990kHz 30 MHz
IS-54 M-B 824-849 MHz 30 MHz TDMA
B-M 869-894 MHz 30 MHz
1S-136 M-B 1850-1910 MHz 30 MHz TDMA
B-M 1930-1990 MHz 30 MHz
1S-96 M-B 824-849 MHz 30 MHz CDMA
B-M 869-894 MHz 30 MHz
IS-96 M-B 1850-1910 MHz 30 MHz CDMA
B-M 1930-1990 MHz 30 MHz
Transmitter —1
Switch

Receiver

-

Figure 1.13 Block diagram of a transceiver.

1.10 Duplexing

21

In two-way communication, a transmitter and a receiver are used. The combination of a
transmitter and a receiver is called a transceiver. A block diagram of the transceiver is
shown in Figure 1.13. Duplexing techniques are used to allow for both users to transmit
and receive signals. The most commonly used duplexing is called time-division duplexing
(TDD). The same frequency channel is used for both transmitting and receiving signals,

but the system transmits the signal for half of the time and receives for the other half.

1.11 Multiple-access Techniques

In multiple-access communications systems, information signals are sent simultaneously
over the same channel. Cellular wireless mobile communications use the following multiple-

access techniques to allow simultaneous communication among multiple transceivers:

e time-division multiple access (TDMA);
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e frequency-division multiple access (FDMA);

e code-division multiple access (CDMA).

In the TDMA, the same frequency band is used by all the users, but at different time
intervals. Each digitally coded signal is transmitted only during preselected time intervals,
called the time slots Tsz. During every time frame Tr, each user has access to the channel
for a time slot 7Tz. The signals transmitted from different users do not interfere with each
other in the time domain.

In the FDMA, a frequency band is divided into many channels. The carrier frequency
f determines the channel frequency. Each baseband signal is transmitted with a different
carrier frequency. One channel is assigned to each user for a connection period. After the
connection is completed, the channel becomes available to other users. In FDMA, proper
filtering must be carried out to provide channel selection. The signals transmitted from
different users do not interfere with each other in the frequency domain.

In the CDMA, each user uses a different code (like a different language). CDMA allows
the use of one carrier frequency. Each station uses a different binary sequence to modulate
the carrier. The signals transmitted from different users overlap in both the frequency and
time domains, but the messages are orthogonal.

There are several standards of cellular wireless communications:

e Advanced Mobile Phone Service (AMPS);
e Global System for Mobile Communications (GSM);
e CDMA wireless standard proposed by Qualcomm.

1.12 Nonlinear Distortion in Transmitters

Power amplifiers contain a transistor (MOSFET, MESFET, or BJT), which is a nonlinear
device operated under large-signal conditions. The drain current ip is a nonlinear function
of the gate-to-source voltage vgs. Therefore, power amplifiers produce components which
are not present in the amplifier input signal. The relationship between the output voltage
v, and the input voltage v; of a ‘weakly nonlinear’ or a ‘nearly linear’ power amplifier,
such as the Class A amplifier, is nonlinear v, = f(v;). This relationship can be expanded
into Taylor’s power series around the operating point

vo =f(vs) = Vowey + arvs + azvs2 + agvf + a4v;1 + a5vf + .- (1.75)

Thus, the output voltage consists of an infinite number of nonlinear terms. Taylor’s power
series takes into account only the amplitude relationships. Volterra’s power series includes
both the amplitude and phase relationships.

Nonlinearity of amplifiers produces two types of unwanted signals:

e harmonics of the carrier frequencys;

e intermodulation products (IMPs).

Nonlinear distortion components may corrupt the desired signal. Harmonic distortion
(HD) occurs when a single-frequency sinusoidal signal is applied to the power amplifier
input. Intermodulation distortion (IMD) occurs when two or more frequencies are applied
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at the power amplifier input. To evaluate the linearity of power amplifiers, we can use (1) a
single-tone test and (2) a two-tone test. In a single-tone test, a sinusoidal voltage source
is used to drive a power amplifier. In a two-tone test, two sinusoidal sources connected in
series are used as a driver of a power amplifier. The first test will produce harmonics and
the second test will produce both harmonics and intermodulation products (IMPs).

1.13 Harmonics of Carrier Frequency

To investigate the process of generation of harmonics, let us assume that a power amplifier
is driven by a single-tone excitation in the form of a sinusoidal voltage

vg(t) =V, coswt. (1.76)

To gain an insight into generation of harmonics by a nonlinear transmitter, consider an
example of a memoryless time-invariant power amplifier described by a third-order poly-
nomial

vo(t) = ayvy(t) + av(t) + azvy (0). (1.77)
The output voltage of the transmitter is given by

vo(t) = a1V, coswt + aZVn% cos® wt + as VIS cos’ wt

1 1
= a1V, coswt + Eazvnf(l + cos2wt) + Za3Vm(3 cos wt + cos 3wt)

1 3 1 1
= Eanmz + <a1Vm + Za3Vn‘2> cos wt + 5612‘/,5 cos 2wt + Za3an cos3wt. (1.78)

Thus, the output voltage of the power amplifier contains the fundamental components of the
carrier frequency f] = f, and harmonics 2f; = 2f, and 3f] = 3f,, as shown in Figure 1.14.
The amplitude of the n-th harmonic is proportional to V,!. The harmonics may interfere
with other communication channels and must be filtered out to an acceptable level.
Harmonics are always integer multiples of the fundamental frequency. Therefore, the
harmonic frequencies of the transmitter output signal with carrer frequency f, are given by

o = nfe. (1.79)

(@)

[

f, of, 3, f
(b)

Figure 1.14 Spectrum of the input and output voltages of power amplifiers due to harmonics.
(a) Spectrum of the input voltage. (b) Spectrum of the output voltage due to harmonics.
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where n = 2,3,4,...1s an integer. If a harmonic signal of a sufficiently large amplitude falls
within the bandwidth of a nearby receiver, it may cause interference with the reception and
cannot be filtered out in the receiver. The harmonics should be filtered out in the transmitter
in its bandpass output network. For example, the output network of a transmitter may offer
37-dB second-harmonic suppression and 55-dB third-harmonic suppression.

Harmonic distortion is defined as the ratio of the amplitude of the n-th harmonic V, to
the amplitude of the fundamental V;

Va Vi
HD, = — =201log( — ) (dB). 1.80
"= g (V1 > (dB) (1.80)
The distortion by the second harmonic is given by
1
Vv 24V Vi
HD, = 72 -2 - - @ T (1.81)
1 :
aVm + stv,f, 2 (al + ZV’"Z>
For a; > 3a; Vm2/4,
Vin
HD, ~ 222 (1.82)
2611

The second harmonic distortion HD, is proportional to the input voltage amplitude V.
The distortion by the third harmonic is given by

1 3
D Vs _ Za3Vm _ a3V}? (1.83)
Vi 3 3 4ay +3azV2' '
aVy, + —(13Vm mn
4
For a; > 3a3V?/4,
(13Vr3
HD; ~ . (1.84)
4a1

The third-harmonic distortion HD3 is proportional to V,,zl. Usually, the amplitudes of har-
monics should be —50 to —70dB below the amplitude of the carrier.
The ratio of the power of an n-th harmonic P, to the power of the carrier P, is
Py Py
HD, = — = 10— (dBc). (1.85)
P, P,
The term ‘dBc’ refers to ratio of the power of a spectral distortion component to the power
of the carrer.
The harmonic content in a waveform is described by the total harmonic distortion (THD)
defined as

V22 V32 V42
- tas5; Tt 2 2 2
Py+P3s+Py+--- 2R 2R 2R Vit Vi+Vit--
THD = _ ~ _ !
Py Vi Vi
2R
— JHD? + HD? + HD} + - - . (1.86)

Higher harmonics (n > 2) are distortion terms.
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1.14 Intermodulation

Intermodulation occurs when two or more signals of different frequencies are applied to the
input of a nonlinear circuit, such as a nonlinear RF transmitter. This results in mixing the
components of different frequencies. Therefore, the output signal contains components with
additional frequencies, called intromodulation products. The frequencies of the intermod-
ulation products are either the sums or the differences of the frequencies of input signals
and their harmonics. For a two-frequency input excitation at frequencies f; and f>, the
frequencies of the output signal components are given by

JSmn = nfi £ mf; (1.87)

where n =0,1,2,3,...and m =0, 1,2,3,... are integers. The order of an intermodulation
product for a two-tone signal is the sum of the absolute values of coefficients n and n
given by

k[Mp =n-+m. (188)

If the intermodulation products of sufficiently large amplitudes fall within the bandwidth of
a receiver, they will degrade the reception quality. For example, 2f; + f>, 21 — f2, 2f> + fi1,
and 2f, — f1 are the third-order intermodulation products. The third-order intermodulation
products usually have components in the system bandwidth. In contrast, the second-order
harmonics 2f] and 2f;, and the second-order intermodulation products f; +f, and f; — f>
are generally out of the system passband and are therefore not a serious problem.

A two-tone excitation test is used to evaluate intermodulation distortion of power ampli-
fiers. In this test, the input voltage of a power amplifier is given by

vg(t) = V1 cos wit + Vo cos wot. (1.89)

If the power amplifier is a memoryless time-invariant circuit described by a third-order
polynomial, the output voltage is given by

Vo(t) = arvy(t) + agvi (1) + asv] (1)

= a1V coswit + ayVyn coswart + ar(V,,n coswit + Vo cos a)zt)2
+ az(V,,1 coswit + V5 cos a)zt)3

= a V1 coswit + a1V cos wat + azv,,fl cos’ wit + 2a, V1 Vo cOs w1t cOS wyt
+ ay V2, cos wat
+ a3V,3l cos’ w1t + 3as anIsz cos’ w1t cos wat + 3az Vi sz2 cos wit cos? wyt
+a3V3, cos® wt. (1.90)

Thus,

3 2 3 3
vo = a1V + §a3Vm1Vm2 + Zag,le cos wit

3 2 3 3
+ a1V + §a3Vm2le + Zsz COS wyt

+ ar Vi1 Vipa cos(wy — w)t + az V1 Vina cos(w) + wn)t
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3 3
+ Zag,V,flez cosQwy; — wo)t + ZagV,flvmz cos(Rw| + wy)t

3 3
+ Za3v,,11v,,2,2 cosQwy — w)t + Z““lev"%z cosQwy + w)t + . (1.91)

The output voltage contains:

e fundamental components f; and f>;
e harmonics of the fundamental components 2fi, 2f> 3f1,3f2, .. ;

e intermodulation products f> — f1, fi + /2, 2f1 — f2, 2> —f1, 2f1 + /2, 2 + 11, 31 — 2/,
3f2 —2f1,-...

The spectrum of the two-tone input voltage of equal amplitudes and several components
of the spectrum of the output voltage are depicted in Figure 1.15. If the difference between
f> and f] is small, the intermodulation products appear in the close vicinity of f; and f>.
The third-order intromodulation products, which are at 2f] —f, and 2f> — f, are of the
most interest because they are the closest to the fundamental components. The frequency
difference of the IM product at 2f; — f» from the fundamental component at fj is

Af =fi —Q2fi =) =H—-f. (1.92)
The frequency difference of the IM product at 2, — f; from the fundamental component at
fais

Af=QCh—-f)—fh=L—-fi (1.93)
For example, if fj = 800kHz and f, = 900kHz, then the IMPs of particular interest are
2fi —f2 =2 x 800 — 900 = 700 MHz and 2f; — f; = 2 x 900 — 800 = 1000 MHz. To filter
out the unwanted components, filters with a very narrow bandwidth are required.

Assuming that V,,,; = V,,;» = V,,,, the amplitudes of the third-order intermodulation prod-
uct are

3
Var-fi = Vah-p = 7% Vo (1.94)
(@
"""" f
IDM
!

2t~y £, h 2h-f f
(b)

Figure 1.15 Spectrum of the input and output voltages in power amplifiers due to intermodulation.
(a) Spectrum of the input voltage. (b) Several components of the spectrum of the output voltage due
to intermodulation.
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Assuming that V,,;; = V,» =V, and a3 < a;, The third-order intermodulation distortion
by the IMP component at 2f] = f> or the IMP component at 2f> £ f is given by

3 o 3 V3
Vay, — 293 Ym 283Vm 3
IM; = Wh-fi _ 4 ~ 4 _ > <@> an. (1.95)
sz 9 Cl]Vm 4 aj
a + é_laS Vi

As V,, is increased, the amplitudes of the fundamental components Vy, and Vy, are directly
proportional to V,,, whereas the amplitudes of the third-order IM products Va7 _p, and
Var, 5, are proportional to V,,. Therefore, the amplitudes of the IM products increase three
times faster than the amplitudes of the fundamentals and have an intersection point. If the
amplitudes are drawn on a log-log scale, they are linear functions of V,,.

1.15 Dynamic Range of Power Amplifiers

Figure 1.16 shows the desired output power Po(f>) and the undesired third-order inter-
modulation product output power Po(2f> — f1) as functions of the input power P; on a
log-log scale. This characteristic exhibits a linear region and a nonlinear region. As the
input power P; increases, the output power reaches saturation, causing power gain com-
pression. The point at which the power gain of the nonlinear amplifier deviates from the
fictitious ideal linear amplifier by 1dB is called the /-dB compression point. It is used as a
measure of the power handling capability of the power amplifier. The output power at the
1-dB compression point is given by

PO(ldB) (dBm) = AldB + Pi(ldB) (dBm) = Ao(ldB) —1dB + Pi(ldB) (dBm) (1.96)

where A, is the power gain of an ideal linear amplifier and A,4pg is the power gain at the
1-dB compression point.

The dynamic range of a power amplifier is the region where the amplifier has a linear
power gain. It is defined as the difference between the output power P, qg, and the
minimum detectable power Pouin

dR = PO(]dB) - POmin (197)
Po(f) Po(2f,~ f)
Po(2f2_ f1) e
IPo
Po(f)
Po(1dB)
POmin Wz
0
P;(1dB) P;

Figure 1.16  Output power Po(f>) and Po(2f, —f1) as functions of input power P; of power
amplifier.
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where the minimum detectable power Pg,,;, is defined as an output power level x dB above
the input noise power level Py, usually x = 3 dB.

In a linear region of the amplifier characteristic, the desired output power Po(f2) is
proportional to the input power P;, e.g., Po(f2) = aP;. Assume that the third-order inter-
modulation product output power P (2f, — f1) increases proportionally to the third power,
e.g.,Po(2H —fi) =(a/ 8)%P;. Projecting the linear region of P (f2) and Po (2f; — fi) results
in an intersection point called the intercept point (IP), as shown in Figure 1.16, where the
output power at the IP point is denoted by IP,.

The intermodulation product is the difference between the desired output power Po(f2)
and the undesired output power of the intermodulation component Py (2f> — f1) of a power
amplifier

IMD (dB) = Po(f2) (dBm) — Pp(2f> — f1) (dBm). (1.98)

1.16 Analog Modulation

The function of a communications system is to transfer information from one point to
another through a communication link. Block diagrams of a typical communication system
depicted in Figure 1.17. It consists of a transmitter whose block diagram is shown in
Figure 1.17(a) and a receiver whose block diagram is shown shown in in Figure 1.17(b).
In a transmitting system, a radio-frequency signal is generated, amplified, modulated, and
applied to the antenna. A local oscillator generates a signal with a frequency fro. The signals
with an intermediate frequency fjr and the local-oscillation frequency f1o are applied to a
mixer. The frequency of the output signal of the mixer and a bandpass filter is increased
(up-conversion) from the intermediate frequency to a carrier frequency

fe =fro +fir. (1.99)
Antenna
Mixer
fir =400 MHz f,=900 MHz |
Baseband ADC + DSP ;
Filter Modulation Filter | PA
fi 0 =900 MHz
(a)
Antenna
Mixer
f,=900 MHz fir = 400 MHz DAC + DSP
Filter —>_ Filter N
f,=900 MHz Demodulation

fLO =500 MHz

Figure 1.17 (a) Block diagram of a transmitter. (b) Block diagram of a receiver.
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The RF current flows through the antenna and produces electromagnetic waves. Antennas
produce or collect electromagnetic energy. The transmitted signal is received by the antenna,
amplified by a low-noise amplifier (LNA), and applied to a mixer. The frequency of the
output signal of the mixer and a bandpass filter is reduced (down-conversion) from the
carrier frequency to an intermediate frequency

Jir =fe — Jro- (1.100)

The most important parameters of a transmitter are as follows:

e spectral efficiency;
e power efficiency;

e signal quality in the presence of noise and interference.

A ‘baseband’ signal (modulating signal or information signal) has a nonzero spectrum
in the vicinity of f = 0 and negligible elsewhere. For example, a voice signal generated
by a microphone or a video signal generated by a TV camera are baseband signals. The
modulating signal may consist of many, e.g., 24 multiplexed telephone channels. In RF
systems with analog modulation, the carrier is modulated by an analog baseband signal.
The frequency bandwidth occupied by the baseband signal is called the baseband. The
modulated signal consists of components with much higher frequencies than the highest
baseband frequency. The modulated signal is an RF signal. It consists of components whose
frequencies are very close to the frequency of the carrier.

RF modulated signals can be divided into two groups:

e variable-envelope signals;

e constant-envelope signals.

Modulation is the process of placing an information band around a high-frequency carrier
for transmission. Modulation conveys information by changing some aspects of a car-
rier signal in response to a modulating signal. In general, a modulated output voltage is
given by

Vo(t) = A(t) cos[w.t + 0(1)] (1.101)
where A(t) is the amplitude of the voltage, f, is the carrier frequency, and 6(¢) is the phase
of the carrier. If the amplitude of v, is varied, it is called amplitude modulation (AM). If

the frequency of v, is varied, it is called frequency modulation (FM). If the phase of v, is
varied, it is called phase modulation (PM).

1.16.1 Amplitude Modulation

In amplitude modulation, the carrier envelope is varied by the modulating signal v, (7). A
single-frequency modulating voltage is given by

Vi (t) = V,, cos wpt. (1.102)
The carrier voltage is

Ve = V. coswet. (1.103)
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The amplitude-modulated (AM) voltage is

vo(t) = V(t)coswet = [V. + vy (t)] cosw.t = (V. + V), oS wy,t) coS wet

Vm
=V, (1 + A cosa)mt> cosw.t = V. (1 + m cos w,,t) cos w.t (1.104)

c

where the modulation index is

\%
m=-—"<1. (1.105)
Ve
Applying the trigonometric identity,
COS w1 COS Wy, I = %[cos(a)c — wp)t + cos(we + wp)t] (1.106)
we can express v, as
mV, mV,
v, = V. cosw.t + — cos(w. — wy)t + — cos(we + wy)t]. (1.107)

The AM voltage modulated by a pure sine wave consists of carrier at f., component at
fe — fm, and component at f. + f;,,. The AM waveform consists of (1) the carrier component
at f,, (2) the lower side component at f, — f,,, and (3) the upper side component at f, + f,,.
If a band of frequencies is used as a modulating signal, we obtain the lower side band and
the upper side band. A phasor diagram for amplitude modulation by a single-modulating
frequency is shown in Figure 1.18.

The bandwidth of an AM signal is given by

BWAM =(ﬂ+fm)_(fc _fm)zzfm. (1108)
The frequency range of voice from 100 to 3000 Hz contains about 95 % of energy. The
carrier frequency f. is much higher than f,,(uax), €.2., f¢/fingmax)y = 200.
The power of the carrier is
V2
The power of the lower sideband Prg is equal to the power of the upper sideband Py

m*vZ2  m?

Pc (1.109)

Pre =Pr¢ —m——¢ — — P 1.110
LS Us SR 1 Fe ( )
The total transmitted power of the AM signal is given by
m?  m? m?
Psyy = Pc + Prg +PUS=<1+T+T)PCZ<1+7>PCH (1.111)
For m = 1, the total power is
1 1 3
PAMmax=PC+PLS+PUS=<I+Z+Z)PC=§PC. (1.112)
~m
“:(’)m

Figure 1.18 Phasor diagram for amplitude modulation by a single modulating frequency.
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Figure 1.19 Amplification of AM signal by linear power amplifier.

A high-power AM voltage can be generated by the following methods:

e AM signal amplification using linear power amplifiers;
e drain amplitude modulation;

e gate-to-source bias operating point modulation.

Variable-envelope signals, such as AM signals, usually require linear power amplifiers.
Figure 1.19 shows the amplification process of an AM signal by a linear power amplifier.
In this case, the carrier and the sidebands are amplified by a linear amplifier. The drain
AM signal can be generated by connecting a modulating voltage source in series with the
drain dc voltage supply V;. When the MOSFET is operated as a current source like in
Class C amplifiers, it should be driven into the ohmic region. If the transistor is operated
as a switch, the amplitude of the output voltage is proportional to the supply voltage and a
high-fidelity AM signal is achieved. However, the modulating signal v,, must be amplified
to a high power level before it is applied to modulate the supply voltage.

AM is used in commercial radio broadcasting and to transmit the video information
in analog TV. Variable-envelope signals are also used in modern wireless communication
systems.

Quadrature amplitude modulation (QAM) is a modulation method, which is based on
modulating the amplitude of two carrier sinusoidal waves. The two waves are out of phase
with each other by 90° and therefore are called quadrature carriers. The QAM signal is
expressed as

voam = 1(t)cosw.t + Q(t)sin wt (1.113)

where I(¢) and Q(¢) are modulating signals. The received signal can be demodulated by
multiplying the modulated signal vgay by a cosine wave of carrier frequency f.

VDEM = VoM COs w.t = (1) cos w.t cos wet + Q () sin w .t cos w.t

1 1
= El(t) + E[I(t) cosRwct) + Q(t) sinQuw,1)]. (1.114)
A low-pass filter removes the 2f, components, leaving only the /(¢) term, which is unef-
fected by Q(z). On the other hand, if the modulated signal vgay is multiplied by a sine

wave, and transmitted through a low-pass filter, one obtains Q(t).
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1.16.2 Phase Modulation
The output voltage with angle modulation is described by

v, = V. cos[w.t 4+ 0(t)] = V. cos ¢(t) (1.115)

where the instantaneous phase is

) = ot +0(1) (1.116)
and the instantaneous angular frequency is
do(t) do(t)
=——"=wc+——. 1.117
) dr @e dr ( )

Depending on the relationship between 6(¢) and v,,(¢), the angle modulation can be cate-
gorized as:

e phase modulation (PM);

e frequency modulation (FM).

In PM systems, the phase of the carrier is changed by the modulating signal v,,(#). In
FM systems, the frequency of the carrier is changed by the modulating signal v,,(#). The
angle modulated systems are inherently immune to amplitude fluctuations due to noise.
In addition to the high degree of noise immunity, they require less RF power because
the transmitter output power contains only the power of the carrier. Therefore, PM and
FM systems are suitable for high-fidelity music broadcasting and for mobile radio wireless
communications. However, the bandwidth of an angle-modulated signal is much wider than
that of an amplitude-modulated signal.
The modulating voltage, also called the message signal, is expressed as

Vi (t) = Vi sinwpt. (1.118)
The phase of PM signal is given by
0(t) = kyviu(t) = kp Vi Sin wy, t = my, Sinwy,t. (1.119)

Hence, the phase-modulated output voltage is
Vo = Vecoslwet + kpvy, ()] = Ve cos(wet + k, Vi sinw,,t) = V. cos(wet + my, sinwp,t)
= V. cos(w.t + A sinw,,t) = V. cos ¢d(t) (1.120)

where the index of phase modulation is the maximum phase shift caused by the modulating
voltage V,,.

my, =k, Viy = Ag. (1.121)
Hence, the maximum phase modulation is
AGpax = kpVingmar)- (1.122)
The instantaneous frequency is
w(t) = % =wc+$ = w¢ + kp Vi, cos oyt (1.123)
Thus, the phase change results in a frequency change. The frequency deviation is
Af = fnax —Jfe =fe +kpVinfm — fo = kpVinfm = mpf. (1.124)

The frequency deviation Af is directly proportional to the modulating frequency f,,. Figure
1.20 shows plots of the frequency modulation Af as functions of the modulating frequency
fm and the amplitude of the modulating voltage V,,.
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Af M : Af

PM PM

fm Vi
(@ (b)

Figure 1.20 (a) Frequency deviation Af as a function of the modulating frequency f,.
(b) Frequency deviation Af as a function of the modulating voltage V,,,.

1.16.3 Frequency Modulation

The modulating voltage is

Vi (t) = V,, cos wpt. (1.125)
The derivative of the phase is
do(t
—() =2k vy (1). (1.126)
dr
Thus, the phase is
kfVim .
0@) =21 | kpvy(t)dt =keV,, | coswy,t dt = —— sinwy,t. (1.127)
m

The frequency-modulated output voltage is given by

kfVim .
v, = Ve coslwt +60(t)] = V. cos | w.t + Sin w,, t

m

A
=V, cos (wct + f—f sinwmt> = V.. cos(wt + my sin ). (1.128)

m

The instantaneous frequency of an FM signal is given by
f@) =fe +keVysinwy,t =f. + Af sinwp,t (1.129)
where the frequency deviation is
Af =kpVpy. (1.130)

The frequency deviation of the FM signal is the maximum change of frequency caused by
the modulating voltage V,,. The frequency deviation is

Af = fnax — Je :ﬁ'+kfvm —fe :kam. (1.131)
The maximum frequency deviation is
Afmax = kr Vi max)- (1.132)

The frequency deviation of the FM signal is independent of the modulating frequency f;,.
The index of FM modulation is defined as the ratio of the maximum frequency deviation
Af to the modulating frequency f,,

Af  kVm
my = —= .
Jm S
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The angle-modulated signal contains components at f, &+ nf,,, where n =0,1,2,3,....
Therefore, the bandwidth of an angle-modulated signal is infinite. However, the amplitudes
of components with large values of n is very small. Therefore, the effective bandwidth of
the FM signal that contains 98 % of the signal power is given by Carson’s rule

A
BWgy = 2(mp + 1)fy, =2 <f—f + 1>fm = 2(Af + fm)- (1.134)
If the bandwidth of the modulating signal is BW,,, the frequency-modulation index is
A max
mp = )i (1.135)
BW,,
and the bandwidth of the frequency-modulated signal is
BWry = 2(my + 1)BW,,. (1.136)

Commercial FM radio stations with an allowed maximum frequency deviation Af of 75 kHz
and a maximum modulation frequency f,, of 15kHz require a bandwidth

BWgy =2 x (75 + 15) = 180kHz. (1.137)
For f, = 100 MHz and Af = 75kHz,
A 75
& =—— =0.075%. (1.138)
fe 100 x 10°

Standard broadcast FM uses a 200 kHz bandwidth for each station.

The only difference between PM and FM is that for PM the phase of the carrier varies with
the modulating signal and for FM the carrier phase depends on the ratio of the modulating
signal amplitude V,, to the modulating frequency f,,. Thus, FM is not sensitive to the
modulating frequency f,,, but PM is. If the modulating signal is integrated and then used
to modulate the phase of the carrier, the FM signal is obtained. This method is used in the
Armstrong indirect FM system. The amount of deviation is proportional to the modulating
frequency amplitude V,,. If the modulating signal is integrated and then used for phase
modulation of the carrier, an FM signal is obtained. This method is used in Armstrong’s
indirect FM systems.

The relationship between PM and FM is illustrated in Figure 1.21. If the modulating
signal amplitude applied to the phase modulator is inversely proportional to the modulating
frequency f,,, the phase modulator produces an FM signal. The modulating voltage is
given by

Vi .
V(1) = —= sinwy,t. (1.139)
a)l‘ll
Vinlt) oM fity Vil FM ft)
——> Integrator Modulator = Modulator
(@)
V) | , FM ot) _ Val) PM (1)
— Differentiator —>| 1 qulator = Modulator

(b)

Figure 1.21 Relationship between FM and PM.
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The modulated voltage is

kp Vm .

v, = V, cos | w.t + sinw,,t | = V. cos ¢(1). (1.140)

Hence, the instantaneous frequency is

de(t
o(t) = % = we + ky Vi COS (1.141)
where
kp Vi
Af = . (1.142)
2w

This approach is applied in the Armstrong frequency modulator and is used for commercial
FM transmission.

The output power of the transmitter with FM and PM modulation is constant and inde-
pendent of the modulation index because the envelope is constant and equal to the amplitude
of the carrier V.. Thus, the transmitter output power is

j— VCZ
2R’
FM is used for commercial radio and for audio in analog TV.

Both FM and PM signals modulated with a pure sine wave and having modulation index
m = my = m, can be represented as

Po (1.143)

Vo (1) = V. cos(w.t + m sin w,,t)
= V A{Jo(m) cos w.t + J1(m)[cos(we + @)t — cos(we — wy,)t]
+ Jo(m)[cos(we + 2wt — cos(we — 2w, )t ]

+ J3(m)[cos(w, + 3wyt — cos(w, — 3wy,)t] + - - -}

= > Acu(m) cos(2m (f, = nfy)t] (1.144)
n=0

where n = 0,1,2,... and J,(m) are Bessel functions of the first kind of order n and can
be described by

_(m 1 (m/2)* (m/2)* (m/2)°
In(m) = (3)” [E Cm+ 1! + 2n+2)!  3l(n+3)! o }

- (_l)k (ﬂ)n+2k
2
2 kKln+k)! (114

k=0

For m <« 1,

m

To(m) ~ % (3)" . (1.146)

The angle-modulated voltage consists of a carrier and an infinite number of components
(sidebands) placed at multiples of the modulating frequency f,, below and above the carrier
frequency f., i.e., at f, & nf,,. The amplitude of the sidebands decreases with n, which
allows FM transmission within a finite bandwidth. Figure 1.22 shows the amplitudes of
spectrum components for angle modulation as functions of modulation index m.
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Figure 1.22 Amplitudes of spectrum components J,, for angle modulation as a function of mod-
ulation index m.

1.17 Digital Modulation

Digital modulation is special case of analog modulation. In RF systems with digital mod-
ulation, the carrier is modulated by a digital baseband signal, which consists of discrete
values. Digital modulation offers many advantages over analog modulation and is widely
used in wireless communications and digital TV. The main advantage is the quality of the
signal, which is measured by the bit error rate (BER). BER is defined as the ratio of the
average number of erroneous bits at the output of the demodulator to the total number of
bits received in a unit of time in the presence of noise and other interference. It is expressed
as a probability of error. Usually, BER >1073. A waveform of a digital binary baseband
signal is given by
n=m

vp =Y byv(t —nTe) (1.147)
n=1

where b, is the bit value, equal to 0 or 1. Counterparts of analog modulation are amplitude
shift keying (ASK), frequency-shift keying (FSK), and phase-shift keying (PSK).

1.17.1 Amplitude-shift Keying

The digital amplitude modulation is called the amplitude-shift keying (ASK) or ON-OFF
keying (OOK). It is the oldest type of modulation used in radio-telegraph transmitters. The
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Figure 1.23 Waveform of amplitude-shift keying (ASK).

binary amplitude-modulated signal is given by

V. cos w.t for v, =1

VBFSK = { 0 for vy, = —1. (1.148)

Waveforms illustrating the amplitude-shift keying (ASK) are shown in Figure 1.23. The
ASK is sensitive to amplitude noise and therefore is rarely used in RF applications.

1.17.2 Phase-shift Keying

The digital PM modulation is called phase-shift keying (PSK). One of the most fundamental
types of PSK is the binary phase-shift keying (BPSK), where the phase shift is A¢ = 180°.
The BPSK has two phase states. Waveforms for BPSK are shown in Figure 1.24. When
the waveform is in phase with the reference waveform, it represents a logic ‘1’. When the

o L@ | t
A
ATAVAVAVIAT

AN
VAVIAIIRVARE

()

Figure 1.24 Waveforms for binary phase-shift keying (BPSK).
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waveform is out of phase with respect to the reference waveform, it represents a logic ‘0’.
The modulating binary signal is

Vi = { _11 (1.149)
The binary phase-modulated signal is given by
Ve = V. cosw.t for v, =1
VBPSK = Vi X Ve = (£1) X v, = { v, = —V. cos w.t for v, = —1. (1.150)

Another type of PSK is the quanternary phase-shift keying (QPSK), where the phase shift
is 90°. The QPSK uses four phase states. The systems 8PSK and 16PSK are also widely
used. The PSK is used in transmission of digital signals such as digital TV.

In general, the output voltage with digital PM modulation is given by

Vesin|wor + 220 =D (1.151)
v, = V. sin | w. _— .

M
where i = 1,2,...,M, M =2V is the number of phase states, and N is the number of

data bits needed to determine the phase state. For M =2 and N = 1, a binary phase-shift
keying (BPSK) is obtained. For M = 4 and N = 2, we have a quadrature phase-shift keying
(QPSK) with the following combinations of digital signal: (00), (01), (11), and (10). For
M = 8 and N = 3, the 8PSK is obtained.

1.17.3 Frequency-shift Keying
The digital FM modulation is called frequency-shift keying (FSK). Waveforms for FSK are

shown in Figure 1.25. FSK uses two carrier frequencies, f; and f>. The lower frequency f>

m q q

—— .,

|
|
|
| (@)
|
|
|

e

JULAA A LA
IARTIVAAVARVATATA I

()

Figure 1.25 Waveforms for frequency-shift keying (FSK).
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may represent a logic ‘0’ and the higher frequency f; may represent a logic ‘1’. The binary
frequency-modulated signal is given by

V. cosweit for v, =1

Ve cos weat for v, = —1. (1.152)

VBFSK = {
Gaussian frequency-shift keying (GFSK) is used in the Bluetooth. A binary ‘one’ is repre-
sented by a positive frequency deviation and a binary ‘zero’ is represented by a negative
frequency deviation. The GFSK employs a constant envelope RF voltage. Thus, high-
efficiency switching-mode RF power amplifiers can be used as transmitters.

1.18 Radars

The term ‘radar’ is derived from radio detection and ranging. Radars are used in military
applications and in a variety of commercial applications, such as navigation, air traffic
control, meteorology as weather radars, automobile collision avoidance, law enforcement (in
speed guns), astronomy, radio-frequency identification (RFID), and automobile automatic
toll collection. Military applications of radars include surveillance and tracking of land,
air, sea, and space objects from land, air, ship, and space platforms. In monostatic radar
systems, the transmitter and the receiver are at the same location. The process of locating
an object requires three coordinates: distance, horizontal direction, and angle of elevation.
The radar antenna transmits a pulse of electromagnetic energy toward a target. The antenna
has two basic purposes: it radiates RF energy and provides beam focusing and energy
focusing. A wide beam pattern is required for search and a narrow beam pattern is neded
for tracking. A typical waveform of the radar signal is shown in Figure 1.26. The duty
ratio of the waveform is very low, e.g., 0.1 %. Therefore, the ratio of the peak power to
the average power is very large. For example, the peak RF power is P, = 200kW and
the average power is P4y = 200 W. Some portion of this energy is reflected (or scattered)
by the target. The echo signal (some of the reflected energy) is received by the radar
antenna. The direction of the antennas main beam determines the location of the target.
The distance to the target is determined by the time between transmitting and receiving
the electromagnetic pulse. The speed of the target with respect to the radar antenna is
determined by the frequency shift in the electromagnetic signal, i.e., the Doppler effect. A
highly directive antenna is necessary. The radar equation is

Prec _ Gs)\z 2
Praq (477:)3R4

(1.153)
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Figure 1.26 Waveform of radar signal.

—p—



40 RF POWER AMPLIFIERS

Reader Tag

RF - —
Transceiver Switch I—’

Micro- *' Sensor

controller
Computer + Memory

Figure 1.27 Block diagram of an RFID sensor system with a passive tag.

where P, is the power transmitted by the radar antenna, P, is the power received by the
radar antenna, oy is the radar cross section, and D is the directive gain of the antenna.

1.19 Radio-frequency Identification

A radio-frequency identification (RFID) system consists of a tag placed on the item to be
identified and a reader used to read the tag. The most common carrier frequency of RFID
systems is 13.56 MHz, but it can be in the range of 135kHz to 5.875 GHz. The tags are
passive or active. An passive tag contains an RF rectifier, which rectifies a received RF
signal from the reader. The rectified voltage is used to supply the tag circuitry. They exhibit
long lifetime and durability. An active tag is supplied by an on-board battery. The reading
range is of active tags is much larger that of passive tags and are more expensive. A block
diagram of an RFID sensor system with a passive tag is shown in Figure 1.27. The reader
transmits a signal to to the tag. The memory in the tag contains identification information
unique to the particular tag. The microcontroller exports this information to the switch on
the antenna. A modulated signal is transmitted to the reader and the reader decodes the
identification information.

The tag may be placed in a plastic bag and attached to store merchandise to prevent
theft or checking the store inventory. Tags may be mounted on windshields inside cars
and used for automatic toll collection or checking the parking permit without stopping the
car. Passive tags may be used for checking the entire inventory in libraries in seconds or
locating a misplaced book. Tags along with pressure sensors may be placed in tires to alert
the driver if the tire looses pressure. Small tags may be inserted beneath the skin for animal
tracking. IRFD systems are capable of operating in adverse environments.

1.20 Summary

e In RF power amplifiers, the transistor can be operated as a dependent-current source or
as a switch.

e When the transistor is operated as a dependent current-source, the drain current depends
on the gate-to-source voltage. Therefore, variable-envelope signals can be amplified by
the amplifiers with current-source mode of operation.
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When the transistor is operated as a switch, the drain current is independent of the
gate-to-source voltage.

When the transistor is operated as a switch, the drain-to-source voltage in the on-state is
low, yielding low conduction loss and high efficiency.

When the transistor is operated as a switch, switching losses limit the efficiency and the
maximum operating frequency of RF power amplifiers.

Switching power loss can be reduced by using the zero-voltage switching (ZVS) tech-
nique or zero-current switching (ZCS) technique.

In Class A, B, and C power amplifiers, the transistor is operated as a dependent current
source.

In Class D, E, and DE power amplifiers, the transistor is operated as a switch.

When the drain current and the drain-to-source voltage are completely displaced, the
output power of an amplifier is zero.

RF modulated signals can be classified as variable-envelope signals and constant-envelope
signals.

The most important parameters of wireless communications systems are spectral effi-
ciency, power efficiency, and signal quality.

dBm is a method of rating power with respect to 1 mW of power.

The carrier is a radio wave of constant amplitude, frequency, and phase.
Power and bandwidth are two scarce resources in RF systems.

The major analog modulation schemes are AM, FM, and PM.

AM is the process of superimposing a low-frequency modulating signal on a high-
frequency carrier so that the instantaneous changes in the amplitude of the modu-
lating signal produce corresponding changes in the amplitude of the high-frequency
carrier.

FM is the process of superimposing the modulating signal on a high-frequency car-
rier so that the carrier frequency departs from the the carrier frequency by an amount
proportional to the amplitude of the modulating signal.

Frequency deviation is the amount of carrier frequency increase or decrease around its
center reference value.

The major digital modulation schemes are ASK, FSK, and PSK.

BPSK is a form of PSK in which the binary ‘1’ is represented as no phase shift and the
binary ‘0’ is represented by phase inversion of the carrier signal.

A transceiver is a combination of a transmitter and a receiver.
Duplexing techniques allow for users to transmit and receive signals simultaneously.

The major multiple-access techniques are: time-division multiple access (TDMA) tech-
nique, frequency-division multiple access (FDMA) technique, and code-division multiple
access (CDMA) technique.
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1.22 Review Questions

1.1 What are the modes of operation of transistors in RF power amplifiers?
1.2 What are the classes of operation of RF power amplifiers?
1.3 What are the necessary conditions to achieve 100 % efficiency of a power amplifier?

1.4 What are the necessary conditions to achieve nonzero output power in RF power
amplifiers?

1.5 Explain the principle of ZVS operation of power amplifiers.
1.6 Explain the principle of ZCS operation of power amplifiers.
1.7 What is a ground wave?

1.8 What is a sky wave?

1.9 What is a line-of-sight wave?

1.10 What is an RF transmitter?
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What is a transceiver?

What is duplexing?

List multiple-access techniques.

When are harmonics generated?

What is the effect of harmonics on communications channels?
Define THD.

What are intermodulation products?

When intermodulation products are generated?

What is the effect of intermodulation products on communications channels?
What is intermodulation distortion?

Define the 1-dB compression point.

What is the interception point?

What is the dynamic range of power amplifiers?

What determines the bandwidth of emission for AM transmission?

Define the modulation index for FM signals.

43

Give an expression for the total power of an AM signal modulated with a single-

modulating frequency.

What is QAM?

What is phase modulation?

What is frequency modulation?

What is the difference between frequency and phase modulation?
What is FSK?

What is PSK?

Explain the principle of operation of a radar.

Explain the principle of operation of an RFID system.

1.23 Problems

1.1 The rms value of the voltage at the carrier frequency is 100 V. The rms value of the
voltage at the second harmonic of the carrier frequency is 1 V. The load resistance is

50 Q2. Neglecting all other harmonics, find THD.

1.2 The carrier frequency of an RF transmitter is 2.4 GHz. What is the height of a quarter-

wave antenna?

1.3 An AM transmitter has an output power of 10kW at the carrier frequency. The mod-
ulation index at f,,, = 1kHz is m = 0.5. Find the total output power of the transmitter.
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1.4

1.5

1.6

1.7

1.8

1.9

1.10
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The dc voltage of an RF transmitter with a Class C power amplifier is 24 V. The
minimum voltage of the transistor is Vpgi = 2 V. Find the maximum value of the
index modulation.

An intermodulation product occurs at (a) 3f; — 2> and (b) 3f] + 2f>. What is the order
of intermodulation?

An FM signal of a transmitter is applied to a 50 2 antenna. The amplitude of the
signal is V,,, = 1000 V. What is the output power of the transmitter?

An FM signal is modulated with the modulating frequency f,, = 10kHz and has a
maximum frequency deviation Af = 20kHz. Find the modulation index.

An FM signal has a carrier frequency f. = 100.1 MHz, modulation index my = 2, and
modulating frequency f,, = 15kHz. Find the bandwidth of the FM signal.

How much bandwidth is necessary to transmit a Chopin’s sonata through an FM radio
broadcasting system with high fidelity?

The peak power of a radar transmitter is 100 kW. The duty ratio is 0.1 %. What is the
average power of the radar transmitter?
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