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ELEMENTS OF ELEMENTS OF 
A RADIO TRANSCEIVERA RADIO TRANSCEIVERA RADIO TRANSCEIVERA RADIO TRANSCEIVER

An overview of key elements and characteristics of a radio 
transceiver:transceiver:

Power amplifiers & nonlinear distortions, 
low-noise amplifiers & noise figures, 

antennas,…



A POINT-TO-POINT LINK  & 
DIGITAL MICROWAVE TRANSCEIVERDIGITAL MICROWAVE TRANSCEIVER
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FREQUENCY TRANSLATION: 
UP & DOWN CONVERSIONUP & DOWN CONVERSION
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•Modulated signal s(t) has its spectrum S(f) centered at f0. 

•UP-CONVERVERTER: g(t)=s(t).cos(2πfAt)⇔G(f)=0.5{S(f-fA)+ S(f+fA)}

down-converter

•Select either S(f-fA) or S(f+fA) by filtering, e.g., S(f+fA)  centered at fB=f0+fA
•DOWN-CONVERVERTER: r(t)=g(t).cos(2πfDt)⇔R(f)=0.5{G(f-fD)+ G(f+fD)}

•Select either G(f-fD) or G(f+fD) by filtering, e.g., G(f-fD)  centered at fc=fB-fD
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•Signal is not distorted by frequency translation



ELECTROMAGNETIC SPECTRUMELECTROMAGNETIC SPECTRUM
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POWER CAPABILITY: 
SOLID STATE POWER AMPLIFIERSOLID-STATE POWER AMPLIFIER
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POWER CAPABILITY: 
MICROWAVE TUBE
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POWER CAPABILITY COMPARISON: 
SOLID STATE & TUBESSOLID STATE & TUBES
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TWT: TRAVELING WAVE TUBETWT: TRAVELING WAVE TUBE
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Linear amplification of 
a single input frequencya single-input frequency

(a) linear amplification(a) linear amplification

(b) time domain( )

(c) frequency domain
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(c) frequency domain



Linear mixing with linear amplification

(a) linear amplification(a) linear amplification

(b) time domain
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(c) frequency domain



INPUT/OUPUT POWER CHARACTERISTICS

Ideal linear curve: Pout,dBm= Pin,dBm+Ggain,dB

highest possible output power, Psaturated

OUTPUT 
POWER Psaturated highest possible output power, Psaturated

LINEAR REGION

Pout,dBm

OUTPUT 
BACKOFF [dB] LINEAR REGION 

Pout,dBm= 
Pin,dBm+Ggain,dB

(X-1) 
dB

Operating

BACKOFF [dB]
= Psaturated-Pout

P t Operating 
point

Pout

INPUT 
POWER,  
Pin dBm

X dB

INPUT BACKOFF [dB]
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Pin,dBm
[ ]

= Pin,sat-Pin Pin,satPin



NONLINEAR AMPLIFICATION OF 
ONE SINGLE-FREQUENCY INPUT Q

(a) nonlinear amplification(a) nonlinear amplification

(b) time domain

(c) frequency domain
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(c) frequency domain



NONLINEAR AMPLIFICATION 
OF TWO SINE WAVESOF TWO SINE WAVES

(a) nonlinear amplification

(b) time domain
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(c) frequency domain



OUTPUT SPECTRUM OF A NONLINEAR AMPLIFIER 
WITH 2 SINGLE-FREQUENCY INPUTSWITH 2 SINGLE FREQUENCY INPUTS

DESIRED
UNWANTED HARMONICS

DESIRED

UNWANTED  
INTERMODULATION (IM) 
PRODUCTS
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EFFECT OF NONLINEAR AMPLIFICATION 
ON MULTICARRIER INPUTON MULTICARRIER INPUT

Input to the amplifier has many carriers, e.g., 3 unmodulated carriers: 
x(t)=Acos(ω1t)+Bcos(ω2t)+Ccos(ω3t)
quasi-linear amplifier: y(t)=G1x(t)+ G3 [x(t)]3

y(t)=G1[Acos(ω1t)+Bcos(ω2t)+Ccos(ω3t)]
+ G3[Acos(ω1t)+Bcos(ω2t)+Ccos(ω3t)]3

[Acos(ω1t)+Bcos(ω2t)+Ccos(ω3t)]3

= A3 cos3 (ω t)+B3 cos3 (ω t)+C3 cos3 (ω t)= A3 cos3 (ω1t)+B3 cos3 (ω2t)+C3 cos3 (ω3t)
+ 3A2 Bcos2 (ω1t)cos(ω2t)+ 3A2 Ccos2 (ω1t)cos(ω3t)
+ 3B2 Acos2 (ω2t)cos(ω1t)+ 3B2 Ccos2 (ω2t)cos(ω3t)
+ 3C2 Acos2 (ω3t)cos(ω1t)+ 3C2 Bcos2 (ω3t)cos(ω2t)
+ 6ABCcos(ω1t)cos(ω3t)cos(ω2t)
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INTERMODULATION PRODUCTSINTERMODULATION PRODUCTS

cos3 (ωnt)= 0.75cos(ωnt)+0.25 cos(3ωnt), remaining term after filtering: 
0.75cos(ωnt)( n )
cos2 (ωnt)cos(ωmt)=0.5 cos(ωmt)+0.25 cos(ω2n-mt)+ 0.25 cos(ω2n+mt) 
remaining terms after filtering: 0.5 cos(ωmt)+0.25 cos(ω2n-mt) where cos(ω2n-mt) 
is an inband intermodulation interferer
cos(ω1t)cos(ω3t)cos(ω2t)=0.25[cos(ω1+2-3t)+cos(ω1-2-3t)+cos(ω1-2+3t+ 
cos(ω1+2+3t)]
remaining terms after filtering: 0.25[cos(ω1+2-3t)+cos(ω1-2-3t)+cos(ω1-2+3t] where 
0 25[ ( t) ( t) ( t i b d i t d l ti i t f0.25[cos(ω1+2-3t)+cos(ω1-2-3t)+cos(ω1-2+3t are  inband intermodulation interferers
After filtering, y(t)=acos(ω1t)+bcos(ω2t)+ccos(ω3t)+ IM where

IM= dcos(ω1+1-2t)+ ecos(ω1+1-3t)+fcos(ω2+2-1t)+gcos(ω2+2-3t)+hcos(ω3+3-1t) 
+icos(ω t)+ jcos(ω t)+kcos(ω t)+lcos(ω t)+icos(ω3+3-2t)+ jcos(ω1+2-3t)+kcos(ω1-2-3t)+lcos(ω1-2+3t) 
are intermod interferers

3RD ORDER IM PRODUCTS (IM3) HAS POWER RELATED TO INPUT SIGNAL 
POWER:
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POWER:
PIM3, dBm=3Pin, dBm+gdB



3RD ORDER IM PRODUCTS3RD-ORDER IM PRODUCTS

2-TONE TEST (TEST WITH 2 SINGLE-FREQ. INPUTS

3RD ORDER IM PRODUCTS (IM3) HAS POWER 
RELATED TO INPUT SIGNAL POWER:RELATED TO INPUT SIGNAL POWER:

PIM3, dBm=3Pin, dBm+gdB (IM3 LINE with slope 3)

RECALL: INPUT/OUTPUT POWER 
RELATIONSHIP FOR DESIRED SIGNAL:RELATIONSHIP FOR DESIRED SIGNAL:
Pout,dBm= Pin,dBm+Ggain,Db (I/O LINE with slope 1)

3rd-order intercept point in dBm is the assumed 
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interception of IM3 and I/O LINES
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EXAMPLE OF AMPLIFIER OUTPUTS 
FOR 9 INPUT TONESFOR 9 INPUT TONES
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Advanced PA TechnologiesAdvanced PA Technologies

Ultra Linear Power AmplifiersUltra Linear Power Amplifiers
PAs are potentially 50 - 70% of future base station cost: Aim is 
to develop technologies for dramatically lower cost
Digital Pre-distortion compensates for PA non-linearities:Digital Pre distortion compensates for PA non linearities:

Enabled by accurate modelling of power devices
“RF” Feed-Forward is replaced by “Digital Pre-Distortion”

S b d l h f dDSP-based algorithms for adaptive compensation
“Digital” based correction implementation leads to lower 
cost & high efficiency
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THERMAL NOISE IN 
RECEIVERRECEIVER

+
noise

signal signal with noise+signal

THERMAL NOISE PSD

-150

Thermal noise produced by random 
motion of charged particles (e.g., 
electrons) has a Gaussian distribution 
and a power spectral density (PSD): 

f f f
-200

PS
D

 [d
Bm

/H
z]

Sn(f)=h|f|/{exp(h|f|/kT)-1} W/Hz

where k=1.38E-23 Joules/°K 
(Boltzman’s constant)

h=6 62E 34 Joules sec (Plank’s

-300

-250

1 E+02 1 E+04 1 E+06 1 E+08

Ph=6.62E-34 Joules.sec (Plank s 
constant), °K= 273+ °C

For |f|<0.1kT/h (about 1E12 Hz), 

@ room temperature (290°K)
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1.E+02 1.E+04 1.E+06 1.E+08

FREQUENCY [MHz]

@ room temperature (290 K)

Sn(f) ≈ kT=-174dBm/Hz
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CONCEPTS OF NOISE FACTOR, 
NOISE FIGURE:

IDEAL, NOISELESS AMPLIFIER:
Input: si(t)+ni(t)
O t t { (t)+ (t)}

AMPLIFIER WITH INTERNAL NOISE: 
Input: si(t)+ni(t)
O t t { (t)+ (t)}+ (t)Output: ap{si(t)+ni(t)}

Output signal part: apsi(t)
Output noise part: apni(t)
an: voltage gain, An=an

2: power gain
S i t i l

Output: ap{si(t)+ni(t)}+nd(t)
Output signal part: apsi(t)
Output noise part: apni(t)+nd(t)
an: voltage gain, An=an

2: power gain
S i t i lSi: input signal power

Ni: input noise power
So = AnSi : output signal power
No = AnNi : output noise power

Si: input signal power
Ni: input noise power, Nd: internal noise power
So = AnSi : output signal power
No = AnNi+Nd : output noise power

S /N : input SNR S /N : input SNRSi/Ni: input SNRin
So/No= AnSi/AnNi : output SNRout= SNRin

[So/No]=[Si/Ni].[1+Nd/NiAp]-1= Si/Ni].[F ]-1where  F=1+Nd/NiAp =[Si/Ni]/ [So/No], >1
F i f t i di ti th f t f SNR d d ti t th lifi t t

Si/Ni: input SNRin
So/No= AnSi/(AnNi+Nd): output SNRout < SNRin
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• F: noise factor indicating the factor of SNR degradation at the amplifier output
• noise figure NFdB=10log10(F)= SNRin,dB- SNRout,dB
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NOISE FACTOR, NOISE FIGURE 
OF CASCADED AMPLIFIERS:

So/No [dB]

N1 N2 Nn

OF CASCADED AMPLIFIERS:

SIGNAL POWER
Si A1Si A2 A1Si So=Si(A1A2…An), 

NOISE POWER
Ni A1Ni+N1 A2 (A1Ni+N1)+N2 No             

No=Nn+Nn-1An+Nn-2An-1An+…+N2 AnAn-1…A3+N1 AnAn-1…A2+Ni AnAn-1…A2 A1
No=Ni(An…A2 A1){F1+(F2-1)/A1+(F3-1)/(A1A2)+…+(Fn-1)/(A1A2…An-1)}= Ni(An…A2 A1)Foverall
where F {F +(F 1)/A +(F 1)/(A A )+ +(F 1)/(A A A )}where Foverall= {F1+(F2-1)/A1+(F3-1)/(A1A2)+…+(Fn-1)/(A1A2…An-1)}
Foverall=[Si/Ni]/ [So/No], and SNRout,dB=SNRin,dB-(NFoverall,dB) where NFoverall,dB=10log10(Foverall)

From Foverall= {F1+(F2-1)/A1+…+(Fn-1)/(A1A2…An-1)} it is clear that if A1 is sufficiently large 
then F1 is dominant (i.e., contributions of F2,…,Fn are small)then F1 is dominant (i.e., contributions of F2,…,Fn are small)
Therefore, in a receiver, the front-end amplifier is a low-noise amplifier, i.e., with small F1
and large A1

Example: 3 stages with A1=30dB, A2=A3=10dB and NF1=3dB, NF2=8dB, NF3=10dB
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1 2 3 1 2 3
Foverall= F1+(F2-1)/A1+(F3-1)/(A1A2)=103/10+(108/10-1)/1030/10+(1010/10-1)/1040/10

=103/10+(5.31E-3)+(9E-4)=2.001=3.013dB
Transceiver Tho Le-Ngoc 



NOISE PERFORMANCE OF LNA’sNOISE PERFORMANCE OF LNA s
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RECEIVER: OVERALL NOISE FACTORRECEIVER: OVERALL NOISE FACTOR

IF AMP
Gain GIF

BPF1
Loss 

LNA
Gain: GLNA

MIXER1
loss: 

BPF2
Loss 

DEMOD

F
From 
ANT FIFAMPLBPF1 FLNA LMIXER1 LBPF2

FDEMOD
ANT

For a matched-impedance passive component, its noise factor = insertion loss

Overall gain from input of BPF1 to input of DEMOD:g p p

Greceiver= GLNA GIF /(LBPF1,LMIXER1LBPF2) 

Greceiver, dB=-LBPF1,dB+ GLNA,dB- LMIXER1,dB-LBPF2,dB+GIF,dB

Overall noise factor (linear scale):Overall noise factor (linear scale):

Freceiver= LBPF1+(FLNA-1) LBPF1+ (LMIXER1-1) LBPF1/GLNA+(LBPF2-1) LMIXER1 LBPF1/GLNA

+(FIFAMP-1) LMIXER1 LBPF1 LBPF2/GLNA+(FDEMOD-1)LMIXER1 LBPF1 LBPF2/GLNAGIF

OR EQUIVALENTLY, WE CAN GROUP VARIOUS BLOCKS AS FOLLOWS:

BPF1+LNA
G1=GLNA/LBPF1
F1= LBPF1FLNA

MIXER1+BPF2+IF AMP
G2=GIF/(LMIXER1LBPF2)
F2= LMIXER1 LBPF2FIFAMP

DEMOD
FDEMOD
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F1= LBPF1FLNA F2= LMIXER1 LBPF2FIFAMP

Freceiver= F1+ (F2-1) /G1+(FDEMOD-1)/G1G2

Transceiver Tho Le-Ngoc 



equivalent noise temperatureequivalent noise temperature

• For a receiver with an overall Foverall, So/No=Si/(Ni Foverall) where Ni=kT and T is the input 
absolute temperature.
h ff i i l d i h i i i• The effective noise spectral density at the receiver input is

Ni Foverall=kT Foverall
• It can be expressed as:

Ni Foverall=kT+kT(Foverall-1)
Si h NF d F ifi d h f T 290 K i i b i• Since the NF and F are specified at the reference temperature To=290°K, it is better to write
Ni Foverall=k(T+Te) where T is the actual input temperature 
and   Te=To(Foverall-1) is a hypothetical value equivalent to an excessive noise temperature 
due to the excessive noise spectral density generated by the system.
I th dditi l i t d b th t d i b d i• In summary, the additional noise generated by the system or device can be expressed in 
terms of noise factor (F), noise figure (NF) and equivalent noise temperature (Te) where
NF=10log10(F) and Te=To(F-1)
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SPHERICAL COORDINATES

FOR CONVENIENCE CONSIDER

θ: POLAR or COLATITUDE ANGLE
φ: LONGITUDE ANGLE

FOR CONVENIENCE, CONSIDER 
SINGLE MAIN LOBE WITH  AXIS 
ASSUMED TO LIE IN THE xy-PLANE

θ: ELEVATION ANGLE
φ: AZIMUTH ANGLEφ
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RADIATION PATTERNSRADIATION PATTERNS

absolute (fixedabsolute (fixed 
power) 

radiation 
pattern

relative (fixed 
distance) 
radiation 
patternpattern

l i (fi d
relative 

(fixed 
distance) 

relative (fixed 
distance) 
radiation pattern 
in decibels for 

radiation 
pattern in 

decibels

an 
omnidirectional 
(point source) 
antenna
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SIMPLIFIED EQUIVALENT CIRCUIT 
OF AN ANTENNAOF AN ANTENNA

RF POWER TO ANTENNA: 
EIRP(EFFECTIVE ISOTROPICPRF(IN)=PD+PR

ANTENNA EFFICIENCY:

η=PR/PRF(IN)=Rr/(Rr+Re)

EIRP(EFFECTIVE ISOTROPIC 
RADIATED POWER) 
EIRP=PRD=PRF(IN)GANT

POWER DENSITY PER UNIT 

ANT DIRECTIVITY GAIN:

D=P/PREF, 

PREF : POWER OF A REFERENCE

AREA AT A POINT WITH 
DISTANCE d FROM ANT: 
pd=(EIRP)/(4πd2)

PREF : POWER OF A REFERENCE 
(ISOTROPIC) ANTENNA

ANT POWER GAIN:  GANT=ηD
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CAPTURE AREA & CAPTURED POWER

PT
PC

G
EIRP=PTGT

Distance d

POWER DENSITY PER UNITGT
T T

Rx ANT POWER 
GAIN GR
Rx (CAPTURED) 

Tx POWER PT
Tx ANT POWER 
GAIN GT

POWER DENSITY PER UNIT 
AREA AT DISTANCE d:

pd=(PTGT)/(4πd2)

POWER PC

GAIN GT

pd : AMOUNT OF POWER INCIDENT ON EACH UNIT AREA OF AN IMAGINARY 
SURFACE (PERPENDICULAR TO THE DIRECTION OF PROPAGATION OF THE 
ELECTROMAGNETIC WAVE).
EFFECTIVE CAPTURE AREA OF THE Rx ANTENNA:  AC=(GRλ2)/(4π)
where λ=c/f: wavelength

Rx CAPTURED POWER: PC=AC pC =(GRPTGT λ2)/(4πd)2=PT( GTGR)/(4πdf/c)2

FREE-SPACE LOSS:  LFREE-SPACE=(4πdf/c)2

PC dB =PT dB + (GT dB+GR dB )- LFS dB
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PC,dBm =PT,dBm+ (GT,dB+GR,dB ) LFS, dB
LFS, dB= 10log10(LFREE-SPACE) =92.44+20log10(f GHz )+20log10(dkm )
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ANTENNA BEAMWIDTHANTENNA BEAMWIDTH

Side lobesSide lobes
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ANTENNA POWER GAIN AND BEAMWIDTH RELATIONSHIP
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PARABOLIC REFLECTORS

GEOMETRY &

MAIN BEAM AND SIDE LOBES

GEOMETRY  & 
RADIATION 
DIRECTIONS 

(b) focal point
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(b) focal point 
inside the reflector(a) focal point 

outside the reflector

Transceiver Tho Le-Ngoc 



PARABOLIC ANTENNA WITH A HORN FEED:  
WAVEGUIDE HORN TYPESWAVEGUIDE HORN TYPES
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PARABOLIC ANTENNASPARABOLIC ANTENNAS

PARABOLIC ANTENNA

PARABOLIC ANTENNA 
WITH A CENTER FEED
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PARABOLIC ANTENNA 
WITH A CASSEGRAIN FEED

Transceiver Tho Le-Ngoc 



ANTENNA NOISEANTENNA NOISE

174 dB /H-174 dBm/Hz

~ -190 dBm/Hz
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Smart Antenna Principles
$

)(1 tr

D
C

Smart antenna (SA) systems 
can be used for Rx and Tx.
Th l it th ti l

Radio Unit
(IF down
conversion
followed by

A/D)

)(2 tr

Linear
beamforming
network:

)(̂ts

BF
N

F-
to

-I
F/

ADThey exploit the spatial 
dimension via spatial 
sampling and coherent 
processing of the EM wave 
fi ld )(trN

Control
unit

(weight
d t )

RF

CTL

field.
Four main system 
components (Rx mode):

A t N l t t i l fi ti update)Antenna array: N elements, geometrical configuration.
Radio unit: RF down-conversion, A/D conversion.
Beam-forming (BF) network (BFN): signal weighting followed by 
summation.
C t l it dj t BF i ht t hi d i d ti lControl unit: adjusts BF weight to achieve desired spatial response.

Ideally, a set of weights is maintained and updated for each individual mobile 
user.
SA can adapt to current radio conditions and tailor individual user beam-

tt t i i SIR
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patterns so as to maximize SIR:
Communication link continually optimized.
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examples of antenna patterns

sector antenna

N t f f th l b f f lN sets of four orthogonal beams from a four-column 
antenna array with a 0.5λ horizontal element spacing

N=2N=1 N=3N 2 N 3
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EXAMPLE OF BEAMFORMING TO IMPROVE SIR
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Smart Antenna ClassificationSmart Antenna Classification

Switched beam (SB) systems:
May be viewed as an extension to sectorization.
Uses fixed set of pre-computed beams.
Users assigned to different beams on the basis of received power.
Requires beam switching as users roam around.

Dynamically phased array (DPA):
Ability to steer beams/nulls in arbitrary directions.
Requires angle of arrival (AOA) estimation of signal and possibly interference 
(several approaches available).
AOA info used to update BF weights so that SIR is maximized.
As users change location, AOA and BF weights continually updated.

Adaptive antenna (AA) systems:
Uses fully adaptive scheme to optimize BF weights, based on available 

PAGE 39

information: input/output signals, training sequence, etc.
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Non-regenerative repeaters

RF IF

PAGE 40

RF
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BASEBAND REGENERATIVE REPEATER

DEMOD MODDEMOD MOD
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Example: 8-channel high/low frequency planExample: 8 channel high/low frequency plan

(a) west to east

PAGE 42

(a) west to east
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Example: 8-channel high/low frequency planExample: 8 channel high/low frequency plan

(b) east to west
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(b) east to west

Transceiver Tho Le-Ngoc 



protection switching arrangements: hot standbyprotection switching arrangements: hot standby
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protection switching arrangements: diversityp g g y

to 
DEMOD

to 
DEMODto 
DEMOD

to 
DEMOD
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REFERENCES: materials from various sources


