




































































RF industry insight

Antenna Technology Takes on the
Challenge of Wireless Applications

By Gary A. Breed
Editor

Radio signals must have an antenna
in order to radiate and be received.
Depending on the application, the
antenna may be simple or complex, effi-
cient or inefficient, large or small. For
new wireless communications equip-
ment, the requirements are often contra-
dictory, requiring tradeoffs or unusual
design solutions.

The first consideration is physical.
What is the shape and volume of the
device, is it fixed, handheld, or body-
worn. Is it going to be well-treated or
must it survive rough handling.

The next consideration is system per-
formance. What range is required? How
sensitive is the receiver, what is the
transmitter power, and what are the sig-
nail-to-noise specifications? What is the
frequency of operation?

With a picture in mind, an antenna is
selected from available products, or
uniquely designed to fit the require-
ments. The rest of this report will look at
some of the antenna solutions that have
been developed for wireless products.

Dipoles and Monopoles

The common “whip” antenna is still in
widespread use in those cases where
the protrusion of a slender rod or mast
can be accommodated. This has been
the most common antenna used in tradi-
tional mobile radio, both for vehicular
installation, and for handheld equip-
ment. Antennas for handheld products
are often physically shortened by the
use of a loading inductance: the well-
known “rubber ducky” antenna.

Because they are widely used, the
cost of this type of antenna is low. Adap-
tation from standard products is also
possible. For example, Part 15 devices
operating in the 902-928 MHz band can
use antennas designed for cellular tele-
phones with little or no modification,

Collinear arrays, like the common cel-
lular vehicle antenna with its distinctive
phasing coil, can be used when greater
antenna gain is useful. In particular,
such antennas can provide increased
range in locations where the path losses
are significant.
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At frequencies of 900 MHz and above,
a dipole or monopole may be included
within the structure of a products. In one
case, a 915 MHz dipole has been incor-
porated into the plastic enclosure of a
notebook computer.

Other Configurations

Besides the simple dipole or mono-
pole configurations, loop and patch
antennas are commonly used. Each has
physical characteristics that may be
used to advantage.

Some pagers make use of loop anten-
nas comprising an etched copper trace
around the perimeter of the unit's circuit
board. This allows the small belt-worn
units to avoid external antennas that
might break or get in the way. At the
VHF frequencies most often used, the
loop will be smaller than the full wave-
length of a resonant loop, and matching
is required. As reported by Dr. lan Dil-
worth at RF Expo West 1994, the com-
pensation for a short electrical length
can be accomplished by capacitive, lin-
ear or inductive loading, including induc-
tance contributed by ferrite materials.

Patch antennas are well-known in
radar and some satellite applications. As
such, they have thoroughly analyzed
and characterized. Physically, a patch
antenna constructed on common glass-
PTFE substrate material will be most
useful at frequencies above 2 GHz.
However, some high-dielectric-constant
ceramic substrates have been used to
make compact antennas for GPS at in
the 1.5-1.6 GHz range.

Diversity antennas are another family,
where sufficient physical separation is
present to combat fading due to multi-
path. At 2.4 GHz, two antennas can be
placed in a single compact package, but
a lower frequencies, other solutions are
required. One is to actually use two
antennas located at least one-quarter
wavelength apart. Another option is to
use polarization diversity, which can be
easily accomplished by mounting two
dipoles or monopoles at right angles to
one another. Polarization diversity, in
general, is not as effective as spatial

diversity, but it can provide a dramatic
improvement over a single antenna.

Future Applications

If development of products continues
as expected, new antennas must be
developed for severe environments,
reduced size, and flat form factors. For
applications involving Part 15 devices in
the microwave ISM bands at 3.4 and 5.7
GHz, multipath is more severe and
diversity becomes much more impor-
tant. Shorter wavelengths at microwave
frequencies can be an advantage, allow-
ing full-size resonant structures to be
constructed within a product’s package.

It may be necessary for new antennas
to cover more than one frequency, if
multiple-use products appear. For
example, a PCS cordless phone operat-
ing at 1.9 GHz may be combined with
900 MHz cellular circuitry in the same
unit. Other products may utilize two or
more of the unlicensed ISM bands in a
single product, as well.

By definition, wireless RF products
radiate and receive signals! To get the
job done efficiently, the advanced cir-
cuitry inside a product needs a properly-
designed antenna. In today’s competi-
tive market, no weak links can be toler-
ated. RF

Antenna Manufacturers

The following companies make antennas
for personal communications:

Company Info/Card No.
Ace Antenna Company 187
Antenna Research Associates 188
Antenna Specialists 189
Celwave 190
Centurian Intermnational 191
Cushcraft Corp. 192
Kintronic Labs 193
Larsen Antennas 194
M/A-COM, Antenna & Cable Div. 195
Synetcom Digital 196
Teledyne Microwave 197
Telewave 198
Toko America 199
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RF featured technology

A Fast Envelope Detector

By Dominic J. Ciardulio
Brookhaven National Laboratory

Traditional AM demodulating methods
include both synchronous (product detec-
tor) and non-synchronous (rectification)
techniques. While each has its merits,
both methods require some amount of fil-
tering to accomplish their goal of enve-
lope detection. In certain applications, the
resulting circuit delays present severe
limitations to the system’s response time,
(for example, when the detection scheme
is utilized within a feedback loop). This
paper describes a wideband, active
envelope detector with a response time
on the order of 1 us. The circuit
described has a demodulation bandwidth
of DC-350 kHz, and provides a high
degree of linearity over a dynamic range
in excess of 40 dB. The device is
designed for broadband carrier operation
(1 MHz to 5 MHz), but can easily be
adapted to demodulate carriers in other
ranges (up to VHF).

he circuit described was developed to

provide a real-time monitor for an
amplitude modulated RF signal swept in
frequency from 1 to 5 MHz. Although the
specific accuracy, linearity and dynamic
range requirements could have been sat-
isfied using more conventional detector
techniques, its inclusion as part of a feed-
back loop within a larger system was the
ultimate motivation for developing this cir-
cuit. Standard envelope detectors gener-
ally utilize a signal rectification/filtering
combination which requires a time con-

stant much greater than one RF period
(at the lowest carrier frequency) to main-
tain reasonable amplitude accuracy.

Most product (or synchronous) detec-
tors use a non-linear detection scheme
which requires filtering to extract the
“DC” term from its output to obtain the
original modulation waveform. Like the
rectifier approach, this filtering adds sig-
nificant delay to the response time of the
detector; This technique was therefore
determined unsuitable for our particular
application.

To circumvent the problem of
response delay, a vector addition tech-
nique is used to convert an RF sinusoid
directly into a “DC” modulation signal,
with minimal RF processing of the carri-
er. This method is easily implemented
using currently available high speed ana-
log transconductance multipliers. It
achieves amplitude demodulation at fre-
quencies approaching that of the carrier,
without the long time constants typical of
other detection methods.

Basic Theory

Since minimizing delay is a primary
concern, it is desired 10 use a detection
method which does not depend on low
pass filtering to extract the modulation
signal. To do this, we will first split the
modulated carrier into two equal parts,
each of which contains both the intelli-
gence signal and the carrier RF. These
elements may then be combined in such

A(D)Sin(wt+0) ‘ 1

~ A t oA
QUADRATURE ~ 7z (@9 2

PWR DRIVER

Figure 1. Envelope detector func-
tional block diagram.

a manner as to null out the RF while leav-
ing the modulation waveform intact. The
trigonometric identity
sin? (t) + cos®(wt) = (1)
shows that it is indeed possible to accom-
plished this task if the two components
are made to be 90° apart in phase. The
functional block diagram of such a detec-
tion technique is shown in Figure 1.

An incoming RF carrier is decomposed
into two equal amplitude, quadrature
phase components (| and Q):

A
V2

Q component: —

| component: sin(mt)
Al
\/—

where A(t) is the amplitude of the carrier
as a function of time (i.e., the modulation
waveform) and w is the carrier frequency.
Note that we have assumed here the use

@)

cos(mt)
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Figure 2a. Functional diagram of the demodaulator.
Portion of circuit in dotted box performs vector

decomposition.
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putation.

Figure 2b. Continuation of functional diagram. Cir-
cuitry in dotted box performs vector magnitude com-
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Figure 3. Absolute amplitude
response of both quadrature out-
puts.

feedback provides a very flat amplitude
response, resulting in a broadband ampli-
tude balance between quadrature out-
puts that is difficult to match using pas-
sive networks. An active phase split also
provides gain to preserve the original
amplitude of the input signal, eliminating
the 142 scaling factor associated with a
power divider. Broader-band operation
can be accomplished by simply cascad-
ing additional sections, without incurring
an appreciable loss in carrier signal or a
significant increase in amplitude ripple.

The decision of which 90° phase shift-
ing technique to use was based upon
amplitude balance, cost and frequency
range requirements. The detector circuit
shown in Figure 2 uses AD847 high
speed op-amps to realize a pair of three
section active all-pass networks, which
provide quadrature outputs over a fre-
quency range of 1 to 5 MHz. The AD847
is a voltage feedback operational amplifi-
er, selected for its high speed at unity
gain, as well as its amplitude and phase
characteristics at the carrier frequencies
of interest. Figure 3 shows the absolute
amplitude response of both quadrature
outputs. The constant level shift between
the two plots is primarily due to the non-
exact component value match of the
resistors used for reverse termination of
each output. Note the response flatness
out to just above 3 MHz, where the plots
begin a slight roll off. Though down by
only 0.3 dB at 5 MHz, this translates
directly into a 0.3 dB amplitude error for
the overall detector. The vector sum cir-
cuitry cannot distinguish between a
change in amplitude at the input to the
detector or changes in the response
characteristic of the quadrature splitter.
For this reason, it is important to mini-
mize both the absolute response ripple
and the relative amplitude imbalance
between outputs of the splitter within the
desired band of operation, especially if
the envelope detector is to be used in a
high accuracy application.

The relative amplitude imbalance and
deviation from quadrature phase for the

38

Figure 4. Relative amplitude and
phase balance of the two quara-
ture outputs.

active splitter outputs is shown in Figure
4. The worst-case phase deviation is
=1.7° at 1 MHz, the low end of the fre-
quency band of interest. In general, devi-
ations from 90° of a few percent will have
minimal effect on the vector sum [2,3]
(and hence on the overall envelope
detection error).

Sum of Squares Function

The next step in implementing the
block diagram of Figure 1 involves squar-
ing each of the quadrature modulated
carriers. It is desirable to use variable
transconductance type multipliers (as
opposed to RF mixers) to carry out this
function, to eliminate any need for fiiter-
ing unwanted harmonics at the output.
Each carrier is applied to both inputs of
its associated multiplier. The resulting
outputs are then

2 _AWM?
2

[A(t)sin(et)]* = [1-cos(2wt)] (4)

—A(t)cos(mt) 2 &2 [1+ cos(2wt)
[ R ]

where the modulation function A(t) is
greater by a factor of V2 than in equation
3; This is a consequence of using an
active 90° phase split as opposed to a
power divider. As can be seen by equa-
tion 4, the multiplier chosen should be
capable of operating at twice the carrier
frequency. In addition it should be a four
quadrant device, since both inputs must
be capable of accommodating a bipolar
signal.

The Analog Devices AD834 transcon-
ductance multiplier was selected for this
application due to its excelient combina-
tion of accuracy, dynamic range and DC
to 500 MHz bandwidth. The AD834 also
has differential current outputs which can
be paralleled with one or more similar
devices, providing a convenient method
of summing their outputs. Since current
addition is inherently wideband, use of
these multipliers eliminates the need for
an additional DC coupled broadband
summing device. Adding the outputs from

V. = Al

L AWSROY  —
e
AWSin(tee) \/ | (/ ,:\/\)
‘ \ I -

[ W g\_/ \
S- T _A(Costan X \ ‘
Active Quadrature \ J

Phase Split
Figure 5. Block diagram of detec-
tor showing squaring function in
feedback loop which performs
square root extraction.

both AD834s we obtain

408mv{%2 [1- cos(2mt)] + (5)

2 2 2
[Aysin{wt)] +[-A(ticos{wt)] = [A()]

A)® [1 +cos(2mt)]} =

= 408mV[A(H)]?

where the 408 mV scaling factor is a
result of the +4 mA output current of the
ADB834 (from its transfer function) through
51Q resistors R66 and R67 in the
schematic of Figure 2.

The differential nature of the AD834
outputs requires the use of a difference
amplifier (e.g. an op-amp or an instru-
mentation amplifier) to convert the “sum
of squares” into a single-ended voltage.
The amplifier chosen for this purpose
need not be capable of operation at the
RF frequency; equation 5 illustrates that
once the squares of the quadrature carri-
ers are added together, all that remains is
a scaled version of the square of the
modulation term, devoid of any RF.
Selection of an appropriate differential
amplifier depends upon the delay and
common mode input voltage handling of
the ampilifier, as well as on the slew rate
and the bandwidth of the modulation. As
indicated in the circuit schematic of Fig-
ure 2, an Analog Devices AD847 opera-
tional amplifier was chosen for this task.

inspection of the circuit schematic in
Figure 2b reveals that each AD834 is
configured to output the negative of the
square of its input. This is done as a
practical matter to reduce crosstalk
between the input and output pins. Since
the same technique is applied to all three
devices which contribute differential cur-
rent to the summing node, only the sign

LECROY 9424E
OSCILLOSCOPE

WAVETEK 166
FUNCTION GEN
ADJ RISEFALL
PULSE EDGES

RF GENERATOR

MODULATED RF

MODULATION
WAVEFORM Aft)

&

{AD534-BASED]

ENVELOPE
DETECTOR

RF CARRIER

LUT)

Figure 6. Test set-up for time
domain performance evaluation.
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Figure 12. Detected RF vs. modu-
lation frequency for various carri-
er amplitudes.

the carrier is approximately 35 dB down
from its maximum amplitude. The detec-
tor circuit is still observed to be usable to
—45 dB, but with modulation bandwidths
only up to 10 kHz.

Itis also desired to evaluate the enve-
lope detector at different carrier frequen-
cies, since the circuit constructed was
designed to operate with carrier fre-
quencies over a span of 1 MHz - 5 MHz.
The results of such a measurement are
shown in Figure 13. For this test, the
modulation frequency is swept from 1
kHz to 100 kHz. Since we are looking
for small (on the order of tenths of a dB)
changes, the upper modulation frequen-
cy was limited to 100 kHz for the pur-
pose of expanding the scale per division
of the plot. Each trace in the figure rep-
resents a different carrier frequency,
ranging from 1.0 MHz to 5.0 MHz in 500
kHz increments.

Note that the shape of all nine plots
are similar. From the graph, carrier fre-
quencies from 1 to 3 MHz are clustered
within 0.07 dB of one another. Significant
amplitude errors begin to be observed
above approximately 3 MHz, some of
which can be accounted for in Figure 3
(the amplitude response of the quadra-
ture phase split circuitry). It should be
noted here that the device used to mod-
ulate the RF in the test set-up (the
ADB834-based modulator in Figure 10)
has as part of its circuitry a low pass filter
with a nominal cutoff frequency (-3dB) of
6 MHz. The response roll-off of this LPF
is believed to be predominantly responsi-
ble for the relatively large apparent
decrease in amplitude accuracy as the
carrier frequency is increased above 4.5
MHz. In other words, the envelope
detector is actually responding to the soft
portion of the LPF's roll-off.

The final plot, presented in Figure 14,
shows the delay of the circuit for various
carrier frequencies. In this measure-
ment, the modulation frequency is swept
from 10 Hz (the lowest frequency avail-
able from the network analyzer) to 500
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Figure 13. Envelope detector out- "

put versus modulation frequency
at different carrier frequencies.

kHz. The upper modulation frequency
and lower carrier frequency were pur-
posely chosen to coincide. It is interest-
ing to note that the envelope detector is
capable of demodulating frequencies
approaching that of the carrier; this is
possible because no explicit filtering is
used during the AM detection process.

Conclusion

An envelope detector circuit has been
developed which operates over a carrier
range of 1 MHz to 5 MHz. Specific delay
requirements prevented the use of classi-
cal rectifier or product detector tech-
niques, which depend on low pass filter-
ing to extract the modulation signal. To
minimize the overall response time of the
envelope detector, a vector addition tech-
nique is used to null the carrier while
keeping the modulation intact. The circuit
presented is implemented using currently
available high speed analog transcon-
ductance multipliers, and achieves ampli-
tude demodulation at frequencies
approaching that of the carrier, without
the long time constants usually associat-
ed with other detection methods. The
specific RF carrier bandwidth is easily
modified by replacing the active all-pass
section of the circuit with a 90° power
divider, appropriately selected (or
designed) to effect the desired overall
detector amplitude accuracy.

Test results for the envelope detector
constructed have been presented to eval-
uate the device under varying conditions
of modulation frequency, carrier ampli-
tude and carrier frequency. In addition to
its pus response time, use of the vector
processing method allows the device to
provide accurate envelope detection over
a wide dynamic range. The dynamic
range of the device is measured to
exceed 35 dB for modulation signals up
to 100 kHz (45 dB for modulation below
10 kHz).
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An AM Detector Compatible With

SSB-SC

By Chase P. Hearn
NASA

A recent article [1] presented an AM
detection circuit which is basically a cor-
relation detector. The local oscillator
(LO) signal was generated with a zero-
crossing detector driven from the input
signal, which is basically an amplitude-
limiting operation. The carrier phase of
an AM signal is (ideally) unaffected by
the sidebands, so ideal limiting pro-
duces a constant-amplitude signal
which is phase coherent with the carrier.
This LO signal actuated an analog gate
to perform the required multiplication
operation. This implementation pro-
duced the desired linear relationship
between the input signal and the
demodulated output over a 50 dB
dynamic range.

Another approach to correlation
detection is diagrammed in Figure .
The LO is also derived from the input
signal, but the carrier is extracted by a
passive narrowband filter (B, < 0.1 Byf)
prior to limiting. This extends linear
operation to input signal-to noise ratios
(SNRs) lower than is possible with the
usual envelope detector. This approach
avoids the acquisition problems associ-
ated with a phase-locked-loop (PLL)
carrier filter. The original application
involved post-detection filtering of dis-
crete sidebands in a bandwidth much
less than B,.. The design goal was lin-
ear detection at SNRs in B as low as
zero dB, and a dynamic range of 60 dB.
These goals were fully met.

This approach is also applicable to the

detection of single sideband-supressed
carrier (SSB-SC) signals if there is suffi-
cient residual carrier to be regenerated
and maintain at least a 7-8 dB carrier-to-
noise ratio (CNR) in the carrier-filter
bandwidth, B.. This was found to be
possible except with very weak signals
or unusually high carrier suppression.
Carrier bandwidths between 300 and 30
Hz were evaluated, which provided CNR
improvements of 14 to 24 dB with B¢ =
8 kHz. When the CNR in B, becomes
too low, the detected audio quality suf-
fers, and better performance is obtained
with an independent LO signal, as nor-
mally used for SSB detection.

The operational behavior of this circuit
is noticeably different from a diode AM
detector. The difference between correct
and incorrect tuning is more prominent,
and is characteristic of the locking of a
PLL demodulator. This is attributed to
the narrow bandwidth of the carrier filter
and the frequency-dependent differential
phase shift between the signal and LO
inputs to the multiplier produced by that
filter. The detection gain of a correlation
detector is dependent on that phase dif-
ference, so a phase-trim adjustment
may be needed in one path to set the
phase difference at the detector inputs
to 0 or 180 degrees with the carrier cen-
tered in B..

Also, care should be taken to mini-
mize level dependent phase shift (AM-
PM conversion) through the limiter. In
S8B reception, sideband energy can fall
within B, if it is too wide, and produce

sideband-dependent phase modulation
of the regenerated carrier when the
resulting carrier-to-interference ratio is
much less than 10 dB. This modulation
dependent LO “phase jitter” affects the
demodulation process in the same way
additive input noise affects a diode
envelope detector: the optimum (coher-
ent) phase relationship between the sig-
nal and LO is corrupted, and the demod-
ulated output degraded.

A detailed circuit diagram of a “com-
patible linear demodulator,” or CLD,
operating at 500 kHz is shown in Figure
2 [2]. The CA-3089E is a multi-function
IC designed as a quadrature FM detec-
tor; only the limiter and product detector
are used in this application. The source-
follower input amplifier was added to
provide an input resistance compatible
with vacuum tube circuitry. The carrier
bandpass filter consisted of two series
resonant crystals coupled capacitively to
produce a B of approximately 75 Hz. A
bandwidth of 300 Hz and a singie-pole
response was found satisfactory for AM
operation, but smaller bandwidths and
steeper skirt selectivity produced better
SSB reception at the expense of more
critical tuning. This is appreciated by
noting that with B =30 Hz, a receiver
(LO) drift of 15 Hz would produce a
large signal-LO differential phase shift at
the demodulator inputs.

Circuit evaluation consisted of quanti-
tative dynamic range and distortion
measurements and listening to AM
broadcast, radio amateur and short-
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Figure 1. Block diagram of the detector.
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Figure 2. Schematic of the detector.
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A High Power, Low Distortion
Feed-Forward Amplifier

By Walter Koprowksi
Power Systems Technology Inc.

The use of sophisticated radio tech-
nology to provide basic telephone ser-
vice has created a need for cost-effec-
tive high power amplifiers. The technical
requirements are that each amplifier will
handle 1-24 RF channels and provide
high peak power output with low inter-
modulation products (=55 dBc). For this
application, multiple amplifiers are
installed in an unattended station that
provides wireless telephone service to
isolated subscribers and emergency ser-
vices, and offers new choices for tele-
phone service in developing countries.

olid state amplifier technology has

been in existence for over thirty
years. The common design procedure is
to choose the highest gain and power
capability for the output transistors and
then select the necessary driver stages
for the overall gain required. A typical
block diagram is shown in Figure 1.

The driver stages are class A biased,
low cost, high performance hybrid ampli-
fiers. These amplifiers were specifically
designed for low distortion and wide
dynamic range performance required in
the CATV industry. The output capability
of the hybrid amplifiers is approximately
0.5 watt. Internally matched at both the
input and output to 50 ohms, these
amplifiers offer the design engineer a
distinct advantage over the discrete
transistor approach.

In the intermediate amplifier section

RF Input

i
Class A

Class AB
Driver Amplifier
Class A

Intermediate Power Amplifier Section

RF Output

Power Amplifier Section ~ Push-Pull Class AB

Figure 1. Standard high power amplifier design.

are two discrete bipolar transistors. The
first stage biased class A, and the sec-
ond stage is a push-pull device biased
for class AB operation.

The PA section of a standard high
power amplifier is designed utilizing two
push-pull transistors biased class AB
which are connected together using a 3
dB quadrature hybrid for balance and
good input/output VSWR. The advan-
tage of using class AB is improved
power output capability at a lower power
consumption than a class A. However,
the disadvantage is lower linearity perfor-
mance. Typical performance of a class
AB amplifier under two-equal-tone condi-
tions is —30 dBc, as shown in Figure 2.

When confronted with a specification
of —565 dBc intermodulation distortion at

a given power output, the designer must
either use a very large class A biased
amplifier, or use some means of distor-
tion cancellation.

Feed-Forward Cancellation

The concept of feed-forward cancella-
tion has been used by manufacturers of
hybrid CATV amplifiers for many years.
The technique is to isolate the distortion
of the power amplifier and re-inject it
180 degrees out of phase to cancel the
distortion at the output. A standard feed-
forward amplifier system is shown in the
block diagram of Figure 3.

The RF input signals are equally split
by means of a two-way divider. Half of
the signal power goes into the power
amplifier, and half goes through a delay

Hg PEF_24.2 aBn _ ATTEN 10 a8

o ans i [

VIDE!

q
3g 11

.y 1
e e ey

CENTER 388 811 MHz
AES BW 388 Wz vew 3@ M

Figure 2. Typical 2-tone IMD per-
formance of a standard amplifier.
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Coupler

\—f\/\/\(\_—

Delay Line

Coupler RF Qutput

Main Amplifier
2-Way

RF Input O—— Divider

_

Lm*

Delay Line

2-Way
Combiner

Error Amplifier

Figure 3. Standard feed-forward system block diagram.

July 1994
























RF tutorial

Transmission Line Fundamentals

By Andy Kellett
Technical Editor

Transmission lines are among the
blackest of RF “black magic”. At first
glance, a transmission line appears to
be nothing more than an RF garden
hose, piping RF energy from one place
to another. However, transmission lines
exhibit a complex behavior which
enables them to be used as impedance
transformers and even filters. The pur-
pose of this article is to quickly arrive at
a few basic equations from which we
can derive the quantities and formuias
most often used in transmission line
problems.

Figure 1 demonstrates the notation
used in this article and most books.
The distance between the end of the
cable and some point along the cable is
called x. The distance from the load end
of the cable to the same point along the
cable is called d. The total length of the
cable is s so that x+d=s. The impedance
the cable sees looking toward the signal
generator is Z_, and the impedance the
cable sees looking into the load is Z,.
Quantities having to do with the end of
the line connected to the signal source
use the subscript s (for sending or
source end), for instance, the potential
at the sending end is called E,. Quanti-
ties relating to the end of the line con-
nected to load are denoted with the sub-
script r (for receiving). The potential on
the line at the load-end of the line is
called E,.

The electrical model for a section of
transmission line used in this article is

illustrated in Figure 2. This model
assumes that the line we are working
with propagates the EM wave along the
axis of the line, with the magnetic and
electric fields perpendicular to the axis.
This is called the TEM mode. For the
cables used in RF work, it is hard for
anything but the TEM mode to be trans-
mitted down the line because the only
dimension in RF cables that approaches
the wavelength of RF signals is the
cable’s length.

The model, as drawn here represents
an unbalanced line, but the same quan-
tities and results are obtained when the
impedance and current are shared by
both conductors.

The quantity, "z", in Figure 2 is the
impedance per unit length of line, and
"g" is the unit admittance. Both of these
quantities are complex, being made up
of real and imaginary parts as shown in
equations 1and 2.

M

zZ=r+jol
y =g+ jac 2)

The real part of the impedance is the
resistance of the line, the imaginary part
is the familiar expression for inductive
reactance. The admittance is made up
of a conductance (the real part) and the
inverse of the capacitive reactance (the
imaginary part).

At the source end of the line there
exists a potential E between the conduc-
tors and a current | flowing through a
point at that end. On the other end there

will be a potential E+AE and a current
I+Al. If a transmission line were really
like a garden hose, AE and Al would be
zero, but it turns out they are not. The
impedance per unit length, z, is respon-
sible for dropping the potential, while the
admittance is responsible for shunting
some of the current. The amounts of
these drops are given in equations 3
and 4.

AE = ~|(zAx) ®
Al'= —(E + AE)(yAx) (4)

Dividing both equation 3 and 4 by Ax
and taking the limit as Ax goes to zero
we get the derivatives describing the
changes in voltage and current for an
infinitesimal section of cable:

. AE dE ()
im|—=-lz| > ==-Iz
Ax—0| AX dx

. Al d!
lim | — = —(E+ AE —=-E
Ax—>Ol: AX ( )yJ - dx y (6

We can eliminate | from equation 5
and E from equation 6 by differentiating
again with respect to x to get:

2
dE__d 7)
dx? dx

d2 dE

1 __dE 8
dx? dXZ ®)

and substituting the expressions for di/dx
and dE/dx from equation 5 and 6 into the
the right side of equations 7 and 8. The
result is a set of differential equations:

¢

ZAX
—~N—
L Z, | — T —s |+Al
R *L E yAX E+AE
| LS

Figure 1. Diagram showing notations used to identi-
fy positions along cable of length s.
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Figure 2. Electrical model of a section of lossy trans-

mission line transmitting a signal in the TEM mode.
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d%E

F = EyZ (9)
d?l
‘C‘&z— =lyz (10)

This form of differential equation has
solutions :

E = Ae V&YX | Bg VoV (11)
I= Ae™ VX | prg 2y (12)

Plug these solutions into the differen-
tial equations to verify them. So much
for the easy part, the calculus, the rest
of the work is messy algebra.

The parameters A, B, A’ and B’ are to
be determined by the boundary condi-
tions imposed on the particular trans-
mission line situation, but ohm's law
links the parameters of equation 11 with
the parameters of equation 12, so one
set must be solved in terms of the other.
To solve A’ and B’ in terms of A and B,
differentiate equation 11 and substitute
that derivative and equation 12 into
equation 5:

[ [—
A(—J?y)e"‘ﬂyx +B(\/5)eVZyX = (13)
—(A’e_‘fzyx +BeVx )z

Equating the coefficients in front of

identical etVyzx terms in equation 13
yields:

-Az=-A\zy (14)
-B'z=B,/zy (15)

These can each be solved in terms of
the primed parameters:

A=A (16)
z
y
B
B =——
z (17)
y

The boundary conditions encountered
by the line determine what form the con-
stants A and B take. Even non-uniform
lines can be described with these equa-
tions if they are piece-wise uniform, i.e.
made up of segments of uniform line.
Equations 11 and 12 are the starting
point from which we derive all the really
useful tools in transmission line analysis
such as reflection coefficient and
VSWR.
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Picking Familiar Parameters out
of the Equations

At this point we should examine the
results of our work and condense some
notation into commonly used parame-
ters. Because transcendental functions
(such as exponentiation) must have
unitless solutions, it is clear that the
units for the parameters A and B in
equation 11 should have units of volt-
age. Transcendental functions also have
unitless arguments, and working out the
units of V(zy)x shows that this is the
case for our solution. The quantity Vzy is
commonly given the symbol y and called
the propagation constant. y has both
real and imaginary components:

Y=y2Zy =o+jB (18)

The real pat, (a), describes the attenua-
tion in the line, while the imaginary part,
(B), is the factor that determines how
quickly the phase of the transmitted sig-
nal changes with the distance it travels
down a line. The quantity V(z/y) is the
characteristic impedance of the line,
commonly called Z;,. Examining the
units in v(z/y) should make this seem
plausible. Equations 11 and 12 using
the new quantities are written as

E = Ae—(@+iB)x | golo+iB)x (19)
1= A g-t@ipx _ B (ovip)x (20)
Z Zy

Before we continue, it must be pointed
out that the equations derived so far
have only shown variation in space. The
time variation will be added later, but for
now quantities that do not depend on
frequency will be developed.

From now on, unless otherwise noted,
losses will be ignored, that is we will let
o of equations 19 and 20 equal zero so
that:

E = Ae iPx  gglfx (21)
1= A o-ix _ B ipx (22)
Z, Zy

Removing losses makes the math

much easier, and is an accurate

assumption for short lengths of line.
When this is done, y becomes jov(ic)=iB
and Z, becomes V(l/c). Calculations that
require loss terms are most commonly
done using a computer or the Smith
Chart.

Impedances
A signal source looking into the end of
a transmission line sees some imped-

ance. The impedance seen depends on
both the characteristic impedance of the
line and the impedance connected to
the load end of the transmission line. To
find the impedance at the source end of
the cable (or at any other place along
the cable) we need to find the ratio of
voltage to current at that point.

At the receiving end of the cable, x = s
and equations 21 and 22 become:

Ep = Ae /s . Belfs (23)
and

A -ibs_B _ips
IR = Ze - Z e (24)

Solving these equations for A and B
yields (after lots of algebra)

] .
A= g (Zg +2Zg)e*iPs (25)

- 'ﬁ _ ~jps
B= 5 (Zr - Zy)e (26)

Which, when plugged back into 21 and
22 gives, (remember s=d+x, and e@ =
Cos a + j sin a).

E = Eg cos(Bd) + jlnZ, sin(Bd) @7

I =g cos(Bd) + jE—Rsin(Bd) (28)
0

This expression is useful for determin-
ing the voltage and current along the
transmission line in terms of the voltage
and current at the load. Similarly, for
x=0, A and B can be solved to get:

_ ES + ISZO
2

B-= Es _IsZO
2

Plugging these back into 21 and 22
gives an expression for voltage and cur-
rents along a line in terms of the voltage
and current at a distance x from the
sending end of the cable.

E =E; cos(Bx) — jl;R, sin(Bx)

A (29)

(30)

(31)

I =Ig cos(Bx)— jE—Zsin(Bx) (32)

Equations 27 and 28 can be used to
find the impedance seen at the sending
end of the cable. Using the expressions
for 1 and E at the sending end (d=s) in
the relation Z = E/I, we get

Es _ Ercos(Bs) + jlrZg sin(Bs)
s Iy cos(Bs) + =P sin(Bs)
Zy

Zs = (33)
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dividing through by 15 cos s yields the
familiar equation

7 _7 Zp +JZ tan(Bs) (34)
s~ 07, +Zg tan(Bs)

This relation is the basis for the quar-
ter wave transformer. A length of line
one-quarter a wavelength long has an
input impedance given by:

Z. = Z0* (35)
S
Zg

By selecting a quarter-wavelength line
with the appropriate characteristic
impedance, the input impedance of the
transmission line/load combination can
be tailored to any desired impedance.
Another special case of equation 34

Time Variation

A true wave solution contains varia-
tions in both space and time. Substitut-
ing the expressions for A and B in
equations 25 and 26 into equation 21
gives:
E= 'g(zﬂ +24)elPe™0) 4 (37)
| —iB(s—
%(ZR —Zo)e jB(s-x)
Because s—x=d, this can be rewritten as:
E=B(zq+2Z0)0M + (38)
I%(ZR —Zy)e ik

(remember d is a measure of distance
from the load end of the line to some

E=-B(Zg +2Zp)el@Pd) 4 (40)

I?R (Zr -2, )ej(wt—ﬁd)

This is a solution to the wave equation.
It may seem dubious that we arrive at a
solution to the wave equation (a partial
differential equation) without starting with
the wave equation, (equations 9 and 10
are ordinary differential equations in x).
However, had we started the derivation
in a way that led to the wave equation
(as is done in many texts [1,2]) and used
separation of variables to solve it, equa-
tions 9 and 10 pop out as the ordinary
differential equations in x that must be
solved. The ordinary differential equa-
tions in time that arise have solutions of
the form given in equation 38.

puts Zg=Z, yielding:
1 particular point.)
Z :ZO;:ZO (36)

Which means that any line and load
whose impedances match always pre-
sent that impedance at the sending end
of the line, no matter the length.

|R = |F{e]mt

The result is:

Assuming I has the form:

(where | hat is a complex constant).

The two terms in equation 40 represent

two waves travelling in opposite direc-

tions. You can verify this by seeing how d

(39) has to change to keep the argument of

each exponential term constant, (the

argument of the exponential in each term
is the phase of the wave it represents).
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For example, take the second term on
the right hand side of equation 40. The
real part of that term is (ignoring the fac-
tor in front of the exponential):

cos(omt — d) (41)

When the argument, ot-fd, equals
zero, equation 41 is at its maximum.
Using the maximum as a "tracking point"
we see what happens as t gets bigger
(as time does when it moves forward). in
order to maintain the argument's zero
value as t gets larger, d must also get
bigger. This means the maximum occurs
at a point where d is larger, i.e. further
from the load end of the line. Of course
any other reference point besides the
maximum could have been chosen and
the results would be the same.

Applying this type of verification to the
other term in equation 40, it can be seen
that there are two waves, each traveling
in opposite directions. The wave travel-
ing away from the source end is called
the incident wave, and the wave travel-
ing away from the load end is called the
reflected wave.

Phase velocity

As in the last section, we will follow a
particular point on a wave to determine
phase velocity, which is the speed at
which the wave travels along the trans-
mission line. Because we are following a
fixed point on the waveform (again use
the crest for a mental example), we set
the phase equal to a constant:

(oot — Bd) = const.

Taking the derivative of this with
respect to time we get:

(42)

% (et — Bdl) = % const.= 0 (43)
d(d)
Moo

o+ ot

The quantity d(d)/dt is the velocity we
are looking for, so solving for that quan-
tity we get:
did) o

dt B (44)

This is the phase velocity. Notice if we
select the phase of the other term to set
constant, the absolute value of the
phase velocity is the same, but the sign
is reversed, again demonstrating that
the two terms represent waves travelling
in opposite directions.

Reflection Coefficients

While the existence of two waves has
been established, the amplitudes of the
waves relative to each other has not
been discussed. The reflection coeffi-
cient is the ratio of the reflected and inci-
dent wave amplitudes at the load end of
the line:

E-—

== 45
F=c- (45)

Where E+ represents the incident
wave voltage and E- represents the
reflected wave voltage. Generally, T is a
complex number. The magnitude of
each wave is given by the coefficients in
front of each exponential term in equa-
tion 38. Plugging these coefficients into
equation 45 results in :

ry)

(Zr-2o) (Zr-2,) (46)

r= (2 +2) (Zr +2)

PSRN

Some special cases help demonstrate
I If Zg = Z,, T = 0, which means there
are no reflections in a line terminated in
its characteristic impedance. For Z5=0,
(a short circuit), and Z=c, (an open cir-
cuit), the magnitude of " = 1, indicating
the incident and reflected waves are
equal. Figure 3 demonstrates the rela-
tionship between the two current waves
in a short-circuited line.

Standing Waves, VSWR

Except for lines terminated in open
and short circuits, the reflected and inci-
dent waves do not have equal ampli-
tudes, meaning there will never be total
cancellation of the two waves (see Fig-
ure 4). The ratio of the maximum voit-
age amplitude along a line to the mini-

d=0 d=1/8 % d=1/4

e—tﬂE'{Ta/\‘
e

—>» =resultant

d=3/8 A

LS

mum voltage amplitude along the line is
called the voltage standing wave ratio
(VSWR), (because voltage and current
are proportional, the ratio of currents
can also be used):

_ IEmax’ _ Ilmaxl

‘Emini "min’

p (47)

The maximum amplitude occurs
when the maximum of the reflected
wave coincides with the maximum of the
incident wave, and the minimum ampli-
tude occurs when the maxima are 180
degrees apart, so that :

E —
vswr = EI*E-] (48)
e+
Notice that if both the numerator and
enominator on right hand side of equa-
tion 48 is divided by IE+|, the result is:

E_
1+=—
4
VSWR:i: 1+|T| (49)
1— E-| 17
E+
Conclusion

Of course nobody goes about solving
a transmission line problem by starting
with differential equations. This tutorial
only touched upon the really useful
tools in transmission line analysis, such
as reflection coefficient and VSWR.
However, it is hoped that this tutorial
has helped to make use of those tools
more intuitive and less mechanical by
illustrating the principles that lead up to
them. RF
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- 27dB Gain and 30dBm Output Power .\
- Excellent VSWR: 1.5:1 Typical P M
- High Power Added Efficiency T o ® . ﬂ—ff
- Characterized at 3 volts for portables I 5 A S
Description
Stanford Microdevices' SMM-210 is a high performance
gallium arsenide monolithic-microwave-integrated-circuit i jK
(MMIC) housed in a low-cost surface mount package. ;‘Lmti’ﬁ T DaitNSONS | NOTES
Designed for operation in wireless systems operating A2 | -SO0ME
in the 1500 to 2500 MHz frequency range; this amplifier © oo
has 30dBm of output power and 27dB Gain at P1dB. T £ e
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add to the reliability and durability of this device. E EZZ&U’%Z
Electrical Specifications at Ta = 25c
Symbol |Parameters: Test Conditions Units Min Typ | Max
P1dB [Output Power at 1dB Compression f=20GHz | dBm 30 31
Vdd =7.0V, Idd = 600 mA f=24GHz| dBm 29
Ga |Associated Power Gain f=2.0GHz dB 25 27
Vdd = 7.0 V, Idd = 600 mA f=24GHz dB 25
Psat |Saturated Output Power f=20GHz | dBm 31 32
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P1dB [Output Power at 1dB Compression f=20GHz | dBm 24 25
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Vdd = 3.0 V, idd = 400 mA f=24 GHz dB 20
VSWR |input and Output Match 1.51
[P3~ |Third Order Intermodulation Distortion dBm 37 40
PAE |Power Added Efficiency % 25 30
Vdd =7.0V, Idd = 600 mA
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Model Freq(GHz) |Description
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SMM-1410 13-15 |3 Watt MMIC Amp, 22dB Gain
SMM-108 05-3.0 |LNA, 2dB NF and P1dB of 17dBm
SMM-810 2-8 Broadband Amp, 25dB Gain, 17dBm Po

Call 1(800) SMI-MMIC or fax (408)746-3630
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Smith Design..................
Sprague Goodman Electronics ...
Stanford Microdevices.....
Surcom Associates......

Synergy Microwave .
T-Tech.....
Temex. .........
Tesoft, inc
Trilithic ........

TTE, InC. ..o
Webb Laboratoies ...

Werlatone, Inc. ...............
Z-Domain Technologies, Inc
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