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CHAPTER FIVE
|

Receiver System Parameters

5.1 TYPICAL RECEIVERS

A receiver picks up the modulated carrier signal from its antenna. The carrier signal
is downconverted, and the modulating signal (information) is recovered. Figure 5.1
shows a diagram of typical radio receivers using a double-conversion scheme. The
receiver consists of a monopole antenna, an RF amplifier, a synthesizer for LO
signals, an audio amplifier, and various mixers, IF amplifiers, and filters. The input
signal to the receiver is in the frequency range of 20-470 MHz; the output signal is
an audio signal from 0 to 8 kHz. A detector and a variable attenuator are used for
automatic gain control (AGC). The received signal is first downconverted to the first
IF frequency of 515MHz. After amplification, the first IF frequency is further
downconverted to 10.7 MHz, which is the second IF frequency. The frequency
synthesizer generates a tunable and stable LO signal in the frequency range of 535—
985MHz to the first mixer. It also provides the LO signal of 525.7 MHz to the
second mixer.

Other receiver examples are shown in Fig. 5.2. Figure 5.2a shows a simplified
transceiver block diagram for wireless communications. A T/R switch is used to
separate the transmitting and receiving signals. A synthesizer is employed as the LO
to the upconverter and downconverter. Figure 5.2b is a mobile phone transceiver
(transmitter and receiver) [1]. The transceiver consists of a transmitter and a receiver
separated by a filter diplexer (duplexer). The receiver has a low noise RF amplifier, a
mixer, an [F amplifier after the mixer, bandpass filters before and after the mixer, and
a demodulator. A frequency synthesizer is used to generate the LO signal to the
mixer.

Most components shown in Figs. 5.1 and 5.2 have been described in Chapters 3
and 4. This chapter will discuss the system parameters of the receiver.
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150 RECEIVER SYSTEM PARAMETERS
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FIGURE 5.1 Typical radio receiver.

5.2 SYSTEM CONSIDERATIONS

The receiver is used to process the incoming signal into useful information, adding
minimal distortion. The performance of the receiver depends on the system design,
circuit design, and working environment. The acceptable level of distortion or noise
varies with the application. Noise and interference, which are unwanted signals that
appear at the output of a radio system, set a lower limit on the usable signal level at
the output. For the output signal to be useful, the signal power must be larger than
the noise power by an amount specified by the required minimum signal-to-noise
ratio. The minimum signal-to-noise ratio depends on the application, for example,
30dB for a telephone line, 40dB for a TV system, and 60dB for a good music
system.

To facilitate the discussion, a dual-conversion system as shown in Fig. 5.3 is used.
A preselector filter (Filter 1) limits the bandwidth of the input spectrum to minimize
the intermodulation and spurious responses and to suppress LO energy emission.
The RF amplifier will have a low noise figure, high gain, and a high intercept point,
set for receiver performance. Filter 2 is used to reject harmonics generated by the RF
amplifier and to reject the image signal generated by the first mixer. The first mixer
generates the first IF signal, which will be amplified by an IF amplifier. The IF
amplifier should have high gain and a high intercept point. The first LO source
should have low phase noise and sufficient power to pump the mixer. The receiver
system considerations are listed below.

1. Sensitivity. Receiver sensitivity quantifies the ability to respond to a weak
signal. The requirement is the specified signal-noise ratio (SNR) for an analog
receiver and bit error rate (BER) for a digital receiver.
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FIGURE 5.2 (a) Simplified transceiver block diagram for wireless communications.
(b) Typical mobile phone transceiver system. (From reference [1], with permission from

IEEE.)
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FIGURE 5.3 Typical dual-conversion receiver.
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152 RECEIVER SYSTEM PARAMETERS

2. Selectivity. Receiver selectivity is the ability to reject unwanted signals on
adjacent channel frequencies. This specification, ranging from 70 to 90 dB, is
difficult to achieve. Most systems do not allow for simultaneously active
adjacent channels in the same cable system or the same geographical area.

3. Spurious Response Rejection. The ability to reject undesirable channel
responses is important in reducing interference. This can be accomplished
by properly choosing the IF and using various filters. Rejection of 70 to
100 dB is possible.

4. Intermodulation Rejection. The receiver has the tendency to generate its own
on-channel interference from one or more RF signals. These interference
signals are called intermodulation (IM) products. Greater than 70 dB rejection
is normally desirable.

5. Frequency Stability. The stability of the LO source is important for low FM
and phase noise. Stabilized sources using dielectric resonators, phase-locked
techniques, or synthesizers are commonly used.

6. Radiation Emission. The LO signal could leak through the mixer to the
antenna and radiate into free space. This radiation causes interference and
needs to be less than a certain level specified by the FCC.

5.3 NATURAL SOURCES OF RECEIVER NOISE

The receiver encounters two types of noise: the noise picked up by the antenna and
the noise generated by the receiver. The noise picked up by the antenna includes sky
noise, earth noise, atmospheric (or static) noise, galactic noise, and man-made noise.
The sky noise has a magnitude that varies with frequency and the direction to which
the antenna is pointed. Sky noise is normally expressed in terms of the noise
temperature (7,) of the antenna. For an antenna pointing to the earth or to the
horizon 7, >~ 290 K. For an antenna pointing to the sky, its noise temperature could
be a few kelvin. The noise power is given by

N =kT,B (5.1
where B is the bandwidth and % is Boltzmann’s constant,
k=138 x 1072 J/K

Static or atmospheric noise is due to a flash of lightning somewhere in the world.
The lightning generates an impulse noise that has the greatest magnitude at 10 kHz
and is negligible at frequencies greater than 20 MHz.

Galactic noise is produced by radiation from distant stars. It has a maximum
value at about 20 MHz and is negligible above 500 MHz.
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Modulation
1. Digital Communication System
e A view around 2008: 2G, 3G, “future” B3G or 4G

Current Wireless Technology
Positioning

Some improved 2G, HSCSD: high-

= Cellular networks. From P . .
GEMER) to speed circuit switched data, GPRS:

EDGE(2.756) 1o general packet radio service, EDGE:
W-COMA (3G) to enhanced data rates for GSM
4 i evolution.  Also, HIPERLAN: high

performance radio local area network

WIMAX systerms.
IEEES02 1Bato
IEEESD2 16 I
IEEEE02. 16m.

Huetooth

13

e 4G now deployed and “future” is B4G or 5G, push both mobility and rate axises
further

input source channel modu
encoding encoding lation

channel

output | source channel demodu
decoding decoding lation




2. Symbols and Packets

— Symbol interval
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The binary sequence m is divided into L-bit blocks or symbols. Each of the K = 2 symbols is
mapped into an amplitude. (The figure shows the case L = 3.) If the time between two bits is 7,
sec (the bit rate is [ = Sl‘l;1 bits/sec), the time between two symbols is T' = LTj. The symbol or
baud rate is R = 7! = L~ 'R, baud/sec. The resulting symbol sequence {a(k)} modulates a train



Symbols from other users/
channels (e.g., synch.)

Additional processing in
DS-CDMA/OFDM systems
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O Symbols are represented by the possible states of digital modulation.

QO Higher order modulation allows more bits per symbol.



- Symbol in digital communication: *] 2] ¥]+= 3} 22 G2 A HEF, o]
e i W, 29, 1AE, HE T 24S oA 2

- Message symbol: & 2] H|EE o] 2u| ) A 153} A

- Channel symbol: 8k 2|9 27 & 5537|918 o/ A& 9 27 A4S
98, H| E 9 o] 25 4F¢] (Redundancy)dtH 2Hso] %

- Digital transmission symbol:

- B AE EE AW AS
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Sol e T AE A% Ha HeRA AR FA (A% A TE 2a
Qurhow A wE T 2 e (ol u), %9 ol F 284

~ HI0HE=Roxn

(Rz: HIEE)

Q
0000 0100 Lomgth of phasor
is carrier
u amplitude
0001 0101
Angle of phasor
u is carrier
0011 o1 1mn 101 phase shift
0010 0110 1110 1010

2, A constellation diagram for 16QAM shows the 16 possible carrier amplitude
and phase combinations representing four bits per symbol.
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3. Eye Diagram

EYE Diagram e

0O Recovered Pulse must avoid the RED area
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4, Modulation

Modulation format Application

MSK, GMSK GSM, CDPD

BPSK Deep space telemetry, cable modems

QPsK, ™/, DOPSK Satellite, COMA, NADC, TETRA, PHS, PDC, LMDS, DVB-S, cable (return
path), cable modems, TFTS

0aPsK CDMA, satellite

FSK, GFSK DECT, paging, RAM mobile data, AMPS, CT2, ERMES, land mobile,
public safety

8,16 VSB North American digital TV (ATV), broadcast, cable

8PSK Satellite, aircraft, telemetry pilots for monitoring broadband video systems

16 QAM Microwave digital radio, modems, DVB-C, DVB-T

32 0AM Terrestrial microwave, DVB-T

64 QAM DVB-C, modems, broadband set top boxes, MMDS

256 GAM Modems, DVB-C (Europe), Digital Video (US)

Table 1. Some possible

applications for the LTC5599 low power IQ modulator.

Application m Modulation Type(Reference 1) Max RF BW

Digital wireless
microphones

Wireless networking
« White-space radios
» Cognitive radio

CATV upstream

Military radios (portable,
manpack)

Software defined radios
(SDR)

Portable test equipment

Analog modulation

2-way radios
+ Commercial
+ Industrial

+ Public safety

QPSK, 16/32/64-DAPSK, Star-

Proprieta 200kHz
prietany QAM
OFDM: BPSK, QPSK, Up to 4x BMHz
802.1af 16/64/256-QAM channels
DOCSIS 16-QAM 6MHz
Custom Wide programmability range —
— AM, FM/PM, S5B, DSB-SC —
4-DQPSK, m/8-D8PSK,
TETRA 4116/64-QAM 25kHz to 150kHz
TETRAPOL GMSK 10kHz, 12 5kHz
6.25kHz to
P-25 C4FM, CQPSK 12 5KkHz
DMR 4FSK 6.25kHz, 12.5kHz
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6. 1Q Modulator
v(t) = Acos(wt + @) = (Acos @) cos wt + (—Asin @)sin ot
(Acosp)coswt : in-phase carrier

(—Asin@)sin wt : quadrature-phase carrier

Modulation:
V= Ae'?
v(t) =V, coswt +V, sinwt

Vi=Acosep,V, =—Asing

Detection:
2 2
A=V, ["+Vy |
V.
cos”! ! , Vq>0
2 2
Vi lm+1V
¢:
_ V.
7 +cos ! ! , Vq<0
VP +17, [
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7. Various M odulation Schemes
7.1 Binary Signaling

1 0 1 0 1
+1
baseband T
signal x -l —

00K

= AN

7.2 Multilevel Signaling
1) OFDM (orthogonal frequency division multiplexing)

x
¥
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Switches at Symbol by turning ©N and OFF at time
Period T intervals T.
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- Used in 4G LTE

- High spectral efficiency, external interference immunity, low intersymbol
interference

- Permits the sidebands of each individual subcarrier to overlap, without the signal
being distorted by intersymbol interference

- High PAPR (peak to average power ratio): When passing through a nonlinear
power amplifier, sharp peaks can cause a spike rise of BER, out-of-band radiation,
and adjacent channel interference.

- Senstive to Doppler frequency shift: Degrades the channel orthogonality that
results in intercarrier interference

- Improvement on OFDM (for use in 5G mobile communications)

f~OFDM (filtered OFDM)

w-OFDM (windowed OFDM)

UFMC (universal filtered multi carrier)

GFDM (generalized freqeuncy division multiplexing)

SDMA (space division multiple access)

HOMA (non-orthogonal multiple access)

FBMC-OQAM (filter bank multi-carrier offset QAM)

12
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2) QPSK Modulation
QPSK (quadrature phase shift keying)
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3) 16-QAM

QAM (quadrature amplitude modulation)
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4) DAPSK (differentially-encoded amplitude and phase-shift keying)

info bits: ... (01[11J01] (11 11 00 (.. ]

Idn—l| = a3 |:> [un = a—3ej5ﬁf8 J

I S

|dps1| = a?
(Bit mapping (b,b,b,b,b.b; > ;)
amplitude difference: |1,, | phase difference: arg (1.,,)
. info bits b,b, info bits b,b,b_b,
™ 01 1 10 bb;2s%{ 00 01 1 10
1 1 a a* a® 00 { Ap | 28p | 3A¢
@ 1 a® lfa 01 hp | 6Ap | BAw | 4Ap
a? 1 1/a? | 1/a 1 8Ap | DA | 104p | L1Ae
L a® 1 /e | 1/a® | 1/a 10 | 15dp | 148y | 18Ap | 12Ap

5)MSK & GMSK
MSK (minimum shift keying)

S(t) = Xeven [t}* cos (pi*t/2*T) * cos {Wc*t) + Xodd [t)* sin (pi*t/2*T) * sin (Wc*t)

Where, Wec=2%pi*Fc l l
IPart O Part
m=Af*T Af= |fiogici-Tiogico| and T =1/bitrate

m : modulation index

16
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=
“ cos{n*Wa)

-

MRT Integration
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filter

Trigonometry Equation
COS (A+B) = COS (A} *COS (B} —SIN (A)*SIN (B}
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LPF I
cos (@) +
% A
) s ‘:UQ} Ll Derivator
an™
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sin (@)

sinfn™*Wa) Trigonometry Equation:-

cos28 = cos®@ - sin®@ = cos*@ = cos28 + sin’d
sin2@ = 2* sin@ * cos@ 2 sing * cos@ =sin26 /2
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7) CAFM & CQPSK
C4FM (continuous 4 level FM)

o
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O
QE 1
I i
Symbed 1 Syrmbnal 2 Symbadl 3 Symbol 4
13 constellation .
Q ; Eye Diagram
Diagram

CAFM Modulation

CQPSK (continuous QPSK)
A

% 549 1 23 465 68

=E COPSK Eye Dragam COPSK constadation diagram
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8. Bit Rate and Spectral Efficiency
T}, : bit period

R, =1/T), : bit rate

K = 2": symbol bit length

T= LT : symbol period

R =1/T : symbol rate = baud rate

n =R,/ Wys (bits/sec/Hz): spectral efficiency
Wys: bandwidth for the 95% of the power

Symbol rate = o - Bandwidth
a <2 (a=1.8 in practice)
Bit rate = n - Symbol rate
Bitrate = a - n - Bandwidth

Spectral efficiency = a - n

TABLE 2: SPECTRAL EFFICIENCY
FOR POPULAR DIGITAL

MODULATION METHODS

Type of modulation Spectral efficiency (bits/s/Hz)

FSK <1 (depends on modulation index)
GMSK 1.35

BPSK 1

QPsK 2

8PSK 3

16QAM 4

64QAM 6

0 G I modicn

21



5.3 NATURAL SOURCES OF RECEIVER NOISE 153

Man-made noise includes many different sources. For example, when electric
current is switched on or off, voltage spikes will be generated. These transient spikes
occur in electronic or mechanical switches, vehicle ignition systems, light switches,
motors, and so on. Electromagnetic radiation from communication systems, broad-
cast systems, radar, and power lines is everywhere, and the undesired signals can be
picked up by a receiver. The interference is always present and could be severe in
urban areas.

In addition to the noise picked up by the antenna, the receiver itself adds further
noise to the signal from its amplifier, filter, mixer, and detector stages. The quality of
the output signal from the receiver for its intended purpose is expressed in terms of
its signal-to-noise ratio (SNR):

SNR — wanted sign?ll power (5.2)
unwanted noise power

A tangential detectable signal is defined as SNR = 3 dB (or a factor of 2). For a
mobile radio-telephone system, SNR > 15dB is required from the receiver output.
In a radar system, the higher SNR corresponds to a higher probability of detection
and a lower false-alarm rate. An SNR of 16dB gives a probability detection of
99.99% and a probability of false-alarm rate of 107° [2].

The noise that occurs in a receiver acts to mask weak signals and to limit the
ultimate sensitivity of the receiver. In order for a signal to be detected, it should have
a strength much greater than the noise floor of the system. Noise sources in
thermionic and solid-state devices may be divided into three major types.

1. Thermal, Johnson, or Nyquist Noise. This noise is caused by the random
fluctuations produced by the thermal agitation of the bound charges. The rms
value of the thermal resistance noise voltage of V, over a frequency range B is
given by

V? = 4kTBR (5.3)

where k = Boltzman constant = 1.38 x 1072* J/K
T = resistor absolute temperature, K
B = bandwidth, Hz

R = resistance, Q

From Eq. (5.3), the noise power can be found to exist in a given bandwidth
regardless of the center frequency. The distribution of the same noise-per-unit
bandwidth everywhere is called white noise.

2. Shot Noise. The fluctuations in the number of electrons emitted from the
source constitute the shot noise. Shot noise occurs in tubes or solid-state
devices.
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154 RECEIVER SYSTEM PARAMETERS

3. Flicker, or 1/f, Noise. A large number of physical phenomena, such as
mobility fluctuations, electromagnetic radiation, and quantum noise [3],
exhibit a noise power that varies inversely with frequency. The 1/f noise is
important from 1 Hz to 1 MHz. Beyond 1 MHz, the thermal noise is more
noticeable.

5.4 RECEIVER NOISE FIGURE AND EQUIVALENT NOISE TEMPERATURE

Noise figure is a figure of merit quantitatively specifying how noisy a component or
system is. The noise figure of a system depends on a number of factors such as
losses in the circuit, the solid-state devices, bias applied, and amplification. The
noise factor of a two-port network is defined as

__ SNRatinput  S;/N,

= = 5.4
SNR at output  S,/N, 54
The noise figure is simply the noise factor converted in decibel notation.
Figure 5.4 shows the two-port network with a gain (or loss) G. We have
S, =GS; (5.5)

Note that N, # GN;; instead, the output noise N, = GN,+ noise generated by the
network. The noise added by the network is

Substituting (5.5) into (5.4), we have

_ Si/Ni _ N,

= =_2 5.7
GS;/N, GN, (5.7)
Therefore,
N, =FGN; (W) (5.8)
S; F S,
G ————— ca—
N; = kTB N, N,

FIGURE 5.4 Two-port network with gain G and added noise power N,,.
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Equation (5.8) implies that the input noise N; (in decibels) is raised by the noise
figure F (in decibels) and the gain (in decibels).

Since the noise figure of a component should be independent of the input noise, F
is based on a standard input noise source N; at room temperature in a bandwidth B,
where

N, =kT,B (W) (5.9)

where £ is the Boltzmann constant, 7, = 290 K (room temperature), and B is the
bandwidth. Then, Eq. (5.7) becomes

N
F=_—22 5.10
GKT,B (5.10)

For a cascaded circuit with n elements as shown in Fig. 5.5, the overall noise factor
can be found from the noise factors and gains of the individual elements [4]:

Fepzzl B2l B (5.11)
N6 GiG, GG, G, '

Equation (5.11) allows for the calculation of the noise figure of a general cascaded
system. From Eq. (5.11), it is clear that the gain and noise figure in the first stage are
critical in achieving a low overall noise figure. It is very desirable to have a low noise
figure and high gain in the first stage. To use Eq. (5.11), all F’s and G’s are in ratio.
For a passive component with loss L in ratio, we will have G = 1/L and F = L [4].

Example 5.1 For the two-element cascaded circuit shown in Fig. 5.6, prove that
the overall noise factor

Fz—

Solution From Eq. (5.10)

o1 = F1GkTB
From Egs. (5.6) and (5.8)

an - (Fz - I)szToB

FZ F2 F3
G, G, G,

Fn—I Fn
Gn—l Gn

FIGURE 5.5 Cascaded circuit with # networks.
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Si F] F2

—_—
N, G No G,
an NnZ

FIGURE 5.6 Two-element cascaded circuit.

From Eq. (5.6)

Zvo = N01G2 + Ny

Substituting the first three equations into the last equation leads to

NO = Fl Gl szT()B + (F2 - I)szToB

= F1,G2kToB
Overall,
FoF. F,G,G,kTB n (Fy — 1)G,kT,B
27" G,G,kT,B G,G,kT,B
F,—1
=F
1+ G,

The proof can be generalized to n elements.

Example 5.2 Calculate the overall gain and noise figure for the system shown in

Fig. 5.7.

C,= 20dB 3= 20dB

FIGURE 5.7 Cascaded amplifiers.
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Solution

F,=3dB=2 F,=5dB=3.162
G,=20dB=100 G, =20dB =100
G = G,G, = 10,000 = 40 dB

F,—1 3.162 — 1
it G, 00
=2+0.0216 = 2.0216 = 3.06 dB. n

Note that F' =~ F| due to the high gain in the first stage. The first-stage amplifier
noise figure dominates the overall noise figure. One would like to select the first-
stage RF amplifier with a low noise figure and a high gain to ensure the low noise
figure for the overall system.

The equivalent noise temperature is defined as

T, =(F — 1T, (5.12)

where T, = 290 K (room temperature) and F in ratio. Therefore,

T,
F=1+=2 5.13
t (5.13)

Note that 7, is not the physical temperature. From Eq. (5.12), the corresponding 7,
for each F' is given as follows:

F (dB) 3 2.28 1.29 0.82 0.29
7, (K) 290 200 100 60 20

For a cascaded circuit shown as Fig. 5.8, Eq. (5.11) can be rewritten as

Te2 Te3 Ten
T =T L 5.14
=l e et 66 -6, .14

where T, is the overall equivalent noise temperature in kelvin.

Tel Tc2 Tc3 Teﬂ
1 F F, F ... A K
G G, G; G,

FIGURE 5.8 Noise temperature for a cascaded circuit.
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2. Noise Figure Measurement
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3. Noise Figure of a Passive Device
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4. Noise Figure of a Passive Two-Port Network
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The noise temperature is useful for noise factor calculations involving an antenna.
For example, if an antenna noise temperature is 7, the overall system noise
temperature including the antenna is

Tg=T,+T, (5.15)

where T, is the overall cascaded circuit noise temperature.

As pointed out earlier in Section 5.3, the antenna noise temperature is approxi-
mately equal to 290K for an antenna pointing to earth. The antenna noise
temperature could be very low (a few kelvin) for an antenna pointing to the sky.

5.5 COMPRESSION POINTS, MINIMUM DETECTABLE SIGNAL,
AND DYNAMIC RANGE

In a mixer, an amplifier, or a receiver, operation is normally in a region where the
output power is linearly proportional to the input power. The proportionality constant
is the conversion loss or gain. This region is called the dynamic range, as shown in
Fig. 5.9. For an amplifier, the curve shown in Fig. 5.9 is for the fundamental signals.
For a mixer or receiver, the curve is for the IF signals. If the input power is above this
range, the output starts to saturate. If the input power is below this range, the noise
dominates. The dynamic range is defined as the range between the 1-dB compres-
sion point and the minimum detectable signal (MDS). The range could be specified
in terms of input power (as shown in Fig. 5.9) or output power. For a mixer,
amplifier, or receiver system, we would like to have a high dynamic range so the
system can operate over a wide range of input power levels.
The noise floor due to a matched resistor load is

N, = kTB (5.16)

where k is the Boltzmann constant. If we assume room temperature (290 K) and
1 MHz bandwidth, we have

N, = 10 log kTB = 10 log(4 x 1072 mW)
= —114 dBm (5.17)

The MDS is defined as 3 dB above the noise floor and is given by

MDS = —114 dBm + 3 dB
— _111 dBm (5.18)

Therefore, MDS is —111dBm (or 7.94 x 107> mW) in a megahertz bandwidth at
room temperature.
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QOutput ‘ 1dB 4
power
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I
|
!

MDS | By 1os Input

. power

Noise - Dynamic P.)
floor range

FIGURE 5.9 Realistic system response for mixers, amplifiers, or receivers.

The 1-dB compression point is shown in Fig. 5.9. Consider an example for a
mixer. Beginning at the low end of the dynamic range, just enough RF power is fed
into the mixer to cause the IF signal to be barely discernible above the noise.
Increasing the RF input power causes the IF output power to increase decibel for
decibel of input power; this continues until the RF input power reaches a level at
which the IF output power begins to roll off, causing an increase in conversion loss.
The input power level at which the conversion loss increases by 1 dB, called the 1-
dB compression point, is generally taken to be the top limit of the dynamic range.
Beyond this range, the conversion loss is higher, and the input RF power not
converted into the desired IF output power is converted into heat and higher order
intermodulation products.

In the linear region for an amplifier, a mixer, or a receiver,

Py =Py — G (5.19)

where G is the gain of the receiver or amplifier, G = —L, for a lossy mixer with a
conversion loss L, (in decibels).
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The input signal power in dBm that produces a 1-dB gain in compression is
shown in Fig. 5.9 and given by

Piy1ag = Pout1as — G+ 1 dB (5.20)

for an amplifier or a receiver with gain.
For a mixer with conversion loss,

Pin1ag = Pou1as + L.+ 1 dB (5.21)

or one can use Eq. (5.20) with a negative gain. Note that P, 45 and P, 4g are in
dBm, and gain and L, are in decibels. Here P, 45 is the output power at the 1-dB
compression point, and P}, 14g is the input power at the 1-dB compression point.
Although the 1-dB compression points are most commonly used, 3-dB compression
points and 10-dB compression points are also used in some system specifications.

From the 1-dB compression point, gain, bandwidth, and noise figure, the dynamic
range (DR) of a mixer, an amplifier, or a receiver can be calculated. The DR can be
defined as the difference between the input signal level that causes a 1-dB
compression gain and the minimum input signal level that can be detected above
the noise level:

DR = P, 148 — MDS (5.22)
Note that P;, ;45 and MDS are in dBm and DR in decibels.

Example 5.3 A receiver operating at room temperature has a noise figure of 5.5 dB
and a bandwidth of 2GHz. The input 1-dB compression point is +10 dBm.
Calculate the minimum detectable signal and dynamic range.

Solution

F=55dB=36 B=2x10°Hz
MDS = 10 log kTBF + 3 dB
=10 log(1.38 x 10723 x 290 x 2 x 10° x 3.6) + 3
= —102.5 dBW = —72.5 dBm
DR = P, 145 — MDS = 10 dBm — (—72.5 dBm) = 82.5 dB |
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5.6 THIRD-ORDER INTERCEPT POINT AND INTERMODULATION

When two or more signals at frequencies f; and f, are applied to a nonlinear device,
they generate IM products according to mf, = nf, (where m,n =0, 1, 2, ...). These
may be the second-order f; & f, products, third-order 2f, &£ f;, 2f; & f; products, and
so on. The two-tone third-order IM products are of primary interest since they tend
to have frequencies that are within the passband of the first IF stage.

Consider a mixer or receiver as shown in Fig. 5.10, where fi; and fip, are the
desired IF outputs. In addition, the third-order IM (IM3) products fi\;; and fiy, also
appear at the output port. The third-order intermodulation (IM3) products are
generated from f; and f, mixing with one another and then beating with the mixer’s
LO according to the expressions

2fi —=£) —fro =fiw (5.23a)
2f, — /) —fro =Sz (5.23b)

where fj\; and fjy, are shown in Fig. 5.11 with IF products for fip; and fip, generated
by the mixer or receiver:

fi —fo =Sk (5.24)
fo=Jio =S (5.25)

Note that the frequency separation is

A :fl _fz =f1M1 _fIFl =f1F1 _fIFZ :lez _fIMz (5-26)

These intermodulation products are usually of primary interest because of their
relatively large magnitude and because they are difficult to filter from the desired
mixer outputs ( fir; and fip,) if A is small.

The intercept point, measured in dBm, is a figure of merit for intermodulation
product suppression. A high intercept point indicates a high suppression of
undesired intermodulation products. The third-order intercept point (IP3 or TOI)
is the theoretical point where the desired signal and the third-order distortion have
equal magnitudes. The TOI is an important measure of the system’s linearity. A

fir1

f,,f,— Mixer or —
— | Receiver fon

fon

T

fLO

FIGURE 5.10 Signals generated from two RF signals.
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fLo
f2 £,
|
fir2 fr
foe foa
N VN o~ Frequency
IF RF
Bandwidth Bandwidth

FIGURE 5.11 Intermodulation products.

convenient method for determining the two-tone third-order performance of a mixer
is the TOI measurement. Typical curves for a mixer are shown in Fig. 5.12. It can be
seen that the 1-dB compression point occurs at the input power of +8 dBm. The TOI
point occurs at the input power of +16 dBm, and the mixer will suppress third-order
products over 55dB with both signals at —10 dBm. With both input signals at
0 dBm, the third-order products are suppressed over 35 dB, or one can say that IM3
products are 35 dB below the IF signals. The mixer operates with the LO at 57 GHz
and the RF swept from 60 to 63 GHz. The conversion loss is less than 6.5 dB.

In the linear region, for the IF signals, the output power is increased by 1 dB if the
input power is increased by 1 dB. The IM3 products are increased by 3 dB for a 1-dB
increase in P;,. The slope of the curve for the IM3 products is 3: 1.

For a cascaded circuit, the following procedure can be used to calculate the
overall system intercept point [6] (see Example 5.5):

1. Transfer all input intercept points to system input, subtracting gains and
adding losses decibel for decibel.

2. Convert intercept points to powers (dBm to milliwatts). We have IP, IP,, .. .,
IPy for N elements.

3. Assuming all input intercept points are independent and uncorrelated, add
powers in “parallel”:

11 1\
P i=\=+=+ -+ \W 5.27
mnput (IPl + IP2 + + IPN) (m ) ( )

4. Convert IP3;,,, from power (milliwatts) to dBm.
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+10

-10

-20

P, (dBm)

-50

20 -10 0 +10 +20
P, (dBm)

FIGURE 5.12 Intercept point and 1-dB compression point measurement of a V-band
crossbar stripline mixer. (From reference [5], with permission from IEEE.)
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Example 5.4 When two tones of —10 dBm power level are applied to an amplifier,
the level of the IM3 is —50 dBm. The amplifier has a gain of 10 dB. Calculate the
IM3 output power when the power level of the two-tone is —20 dBm. Also, indicate
the IM3 power as decibels down from the wanted signal.

Solution P, = —20dBm
As shown in Fig. 5.13,

IM3 power = (=50 dBm) + 3 x [-20 dBm — (—10 dBm)]
= —50 dBm — 30 dBm = —80 dBm

4p,.

(dBm)

Fundamental

> Pin
(dBm)

-10

-20

-30 H

-40

-50

-60 —

70+

-80

FIGURE 5.13 Third-order intermodulation.
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Then

Wanted signal at P;, = —20 dBm has a power level
= —20 dBm + gain = —10 dBm
Difference between wanted signal and IM3
= —10 dBm — (—80 dBm) = 70 dB down

165

Example 5.5 A receiver is shown in Fig. 5.14. Calculate the overall input IP3 in

dBm.

Solution Transfer all intercept points to system input; the results are shown in Fig.

5.14. The overall input IP3 is given by

11 1 1 1\
IP3 = 10 log(— 4+ —+— +— +—
°g<IP1 T, e, T, T IP5>

—10log( L4t 4ty Lt h
=B 01585 T oo ' 19.95 ' 100

=10 log 8.12 mW = 9.10 dBm

Amplifier Mixer Amplifier

G=-2dB 12 dB -3dB -7dB
P3=w 10 dBm © 20 dBm

P, = '—l

1P, = 12dBm = 15.85mW

IP; =00 *

IP4 = 13dBm=19.95mW <

IPs = 20dBm = 100mW <

FIGURE 5.14 Receiver and its input intercept point.

D__

22dB
20 dBm
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5.7 SPURIOUS RESPONSES

Any undesirable signals are spurious signals. The spurious signals could produce
demodulated output in the receiver if they are at a sufficiently high level. This is
especially troublesome in a wide-band receiver. The spurious signals include the
harmonics, intermodulation products, and interferences.

The mixer is a nonlinear device. It generates many signals according to
*mfpr £ 0fio, where m=0,1,2,...and n =0, 1, 2, ..., although a filter is used
at the mixer output to allow only fr to pass. Other low-level signals will also appear
at the output. If m = 0, a whole family of spurious responses of LO harmonics or
nfi o spurs are generated.

Any RF frequency that satisfies the following equation can generate spurious
responses in a mixer:

mfge — Mo = LfiF (5.28)

where fir is the desired IF frequency.
Solving (5.28) for fip, each (m, n) pair will give two possible spurious frequen-
cies due to the two RF frequencies:

fRF] = 7ﬂfLom—f1F (5-29)
Jre2 = 7nfLOm+ﬁF (5.30)

The RF frequencies of fyg; and frp, will generate spurious responses.

5.8 SPURIOUS-FREE DYNAMIC RANGE

Another definition of dynamic range is the “spurious-free” region that characterizes
the receiver with more than one signal applied to the input. For the case of input
signals at equal levels, the spurious-free dynamic range SFDR or DR; is given by

DR = 2(IP3 — MDS) (5.31)

where IP3 is the input power at the third-order, two-tone intercept point in dBm and
MDS is the input minimum detectable signal.
Equation (5.31) can be proved in the following: From Fig. 5.15, one has

BD=1CD  EB=4B
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FIGURE 5.15 Spurious-free dynamic range.

From the triangle CED, we have
CD = ED = EB+ BD = AB+1CD
Therefore,
AB =3CD = 3(IP3,,, — MDS,,)
or since CD = ED,

DRy = AB = 2ED = 2(IP3,, — MDS,,)
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Spursand Intermodulation

1. Receiver Spurious Response

Inradio reception, aresponsein the receiver intermediate frequency (IF) stage
produced by an undesired emissionin which thefundamenta frequency (or
harmonics above the fundamental frequency) of the undesired emission mixes with

the fundamental or harmonic of the receiver local oscillator.

2. Spurious Emission
Any radio frequency not deliberately created or transmitted, especially in a device
which normally does create other frequencies. A harmonic or other signal outside

atransmitter's assigned channel would be considered a spurious emission.



3. Intermodulation

The amplitude modulation of signals containing two or more different frequencies,
caused by nonlinearities or time variance in a system. The intermodulation between
frequency components will form additional components at frequencies that are not
just at harmonic frequencies (integer multiples) of either, like harmonic distortion,
but also at the sum and difference frequencies of the original frequencies and at

sums and differences of multiples of those frequencies.
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and AB is the spurious-free dynamic range. Note that GH is the dynamic range,

which is defined by

DR = GH = EH = Py, 45 — MDS,,

The IP3;, and IP3,, differ by the gain (or loss) of the system. Similarly, MDS;,

differs from MDS,,; by the gain (or loss) of the system.

PROBLEMS

5.1 Calculate the overall noise figure and gain in decibels for the system (at room

temperature, 290 K) shown in Fig. P5.1.

RF Amp Mixer IF Amp
RE | | Bandpass
fo d ! pc S§
35 GHz l l/ Filter
Gain = 10 dB ~ Gain=20dB Loss = | dB
F=3dB LO33GHz g _ 5 4B
Conversion
Loss
Lc=5dB
FIGURE P5.1

2 GHz

5.2 The receiver system shown in Fig. P5.2 is used for communication systems.
The 1-dB compression point occurs at the output IF power of +20dBm. At
room temperature, calculate (a) the overall system gain or loss in decibels, (b)
the overall noise figure in decibels, (c) the minimum detectable signal in
milliwatts at the input RF port, and (d) the dynamic range in decibels.

RE RF Amp Mixer IF Amp -
o ,\ Baqdpass | o
29-30 GHz L Filier | 1-2 GHz

F= 2dB L=1dB LO F=2dB

G=10dB G=20dB
28 GHz
Lc = 4dB

FIGURE P5.2

5.3 A receiver operating at room temperature is shown in Fig. P5.3. The receiver
input 1-dB compression point is +10 dBm. Determine (a) the overall gain in
decibels, (b) the overall noise figure in decibels, and (c) the dynamic range in

decibels.
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l | IF
2-3 GHz

30-31 GHz
G=10dB LO G=20dB
F=3dB 33 GHz F=6dB
Le=6dB
FIGURE P5.3

5.4  The receiver system shown in Fig. P5.4 has the following parameters:
P;,1gg = +10 dBm, IP3; =20 dBm. The receiver is operating at room
temperature. Determine (a) the noise figure in decibels, (b) the dynamic
range in decibels, (c) the output SNR ratio for an input SNR ratio of 10 dB,
and (d) the output power level in dBm at the 1-dB compression point.

REF Amp Mixer IF Amp
RF Bandpass | I

— Filtor | S
10-11 GHz Hter 0.5-1.5 GHz

G=10dB L=2dB G=30dB

F =2dB 95GHz  p_gqB

Lc=4dB
FIGURE P5.4

5.5 Calculate the overall system noise temperature and its equivalent noise figure
in decibels for the system shown in Fig. P5.5.

Ta= 40K — . To detector
LNA Amplifier Mixer L 4
Waveguide + Filter
feeder G=20dB G=20dB L= 4.4dB
L=1dB T = 50K T = 630K T =500K
FIGURE P5.5

5.6 When two 0-dBm tones are applied to a mixer, the level of the IM3 is
—60 dBm. The mixer has a conversion loss of 6 dB. Assume that the 1-dB
compression point has input power generated greater than +13 dBm. (a)
Indicate the IM3 power as how many decibels down from the wanted signal.
(b) Calculate the IM3 output power when the level of the two tones is
—10 dBm, and indicate the IM3 power as decibels down from the wanted
signal. (c) Repeat part (b) for the two-tone level of +10 dBm.

5.7 At an input signal power level of —10 dBm, the output wanted signal from a
receiver is 50 dB above the IM3 products (i.e., 50 dB suppression of the IM3
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products). If the input signal level is increased to 0dBm, what is the
suppression level for the IM3 products?

5.8 When two tones of —20 dBm power level are incident to an amplifier, the
level of the IM3 is —80 dBm. The amplifier has a gain of 10 dB. Calculate the
IM3 output power when the power level of the two tones is —10 dBm. Also,
indicate the IM3 power as decibels down from the wanted signal.

5.9 Calculate the overall system IP3 power level for the system shown in Fig.

P5.9.
RF Amp Mixer IF Amp
o O
G=2dB G=20dB
[P3=10dBm IP3 =20 dBm
Lc=5dB

IP3 =16 dBm
FIGURE P5.9

5.10 For the system shown in Fig. P5.10, calculate (a) the overall system gain in
decibels, (b) the overall noise figure in decibels, (c) the equivalent noise
temperature in kelvin, (d) the minimum detectable signal (MDS) in dBm at
input port, and (e) the input IP3 power level in dBm. The individual
component system parameters are given in the figure, and the system is
operating at room temperature (290 K).

RF Amp Mixer IF Amp
RF | |
—» O—— BPF | | o : .
10 - 10.5 GHz G 10 dB 0.5 -1 GHz
L=1dB = G=20dB
F =2dB 11 GHz F=4dB
IP3 =10 dBm IP3 = 16 dBm
Lo=4dB
IP3 =13 dBm
FIGURE P5.10

5.11 A radio receiver operating at room temperature has the block diagram shown
in Fig. P5.11. Calculate (a) the overall gain/loss in decibels, (b) the overall
noise figure in decibels, and (c) the input IP3 power level in dBm. (d) If the
input signal power is 0.1 mW and the SNR is 20dB, what are the output
power level and the SNR?

5.12 In the system shown in Fig. P5.12, determine (a) the overall gain in decibels,
(b) the overall noise figure in decibels, and (c) the overall intercept point
power level in dBm at the input.
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LO
39 GH "
Amplifier - Amplifier
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FIGURE P5.11
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FIGURE P5.12
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