






























































RF industry insight

A Historical Look
at RF Modulation Methods

By Gary A. Breed
Editor

he process of getting information

onto an RF signal is modulation,
while the recovery of that information is
demodulation. In order for RF to do its
job of carrying that information from one
place to another, both parts of the
process must be done properly. Here is
a brief historical summary of modulation,
to help gain a better perspective on
today’s complex modulation methods.

The earliest form of modulation was
simply turning the RF signal on and off.
Using Morse Code or other codes,
sequences created by this on-off keying
(OOK) could convey information.
Receivers were simple, only needing to
detect the presence or absence of a sig-
nal. This modulation method is still in
use — control devices (garage door
openers, etc.) often use OOK to keep
circuitry simple. Morse Code is used by
amateur radio operators who appreciate
its reliability and simplicity. Ship-to-shore
radios using Morse Code still exist, but
nearly all have been retired in favor of
satellite communications.

Voice communications required a form
of modulation that could change rapidly,
following speech patterns. Amplitude
modulation (AM) was the first type
developed, varying the strength of an
RF signal to exactly match the variations
in speech and music. AM has the
advantage of easy demodulation; a sim-
ple diode detector can recover the audio
signal. Crystal sets consisting of little
more than a diode and an antenna let
hundreds of thousands of people hear
their first radio broadcasts.

Starting in the 1930s, developments
began happening rapidly. Major Arm-
strong developed frequency modulation
(FM), which is more immune to interfer-
ence than AM, easy to modulate and
transmit, but more complicated to
demodulate. Compared to AM, FM more
easily transmits high-frequency informa-
tion, which has made FM the dominant
method for music broadcasting.

World War |l brought radar’s develop-
ment and various types of pulse modu-
lation. Ideally, radar signals are trans-
mitted, then instantly shut off to hear the
echoes returning from the target. Actual-
ly, the first radar systems used separate
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transmitting and receiving sites because
proper puise modulation couldn’t yet be
accomplished. As radar developed,
pulse modulation was enhanced by
techniques which increase range and
accuracy, while making jamming more
difficult. Chirped signals, which make a
quick sweep across a frequency range,
were developed, along with various
mathematical rearrangements of pulses
into unique wave shapes. These signals
required special signal processing using
delay lines and filters, which has led to
today’s digital signal processing.

After the war came television, and a
combination of wide bandwidth AM (for
the video) and FM (for the sound) was
adopted for its modulation and demodu-
lation. Around this time, single-sideband
(88B) communications was developed
as engineers found ways to eliminate
redundant portions of an AM signal to
make a more efficient means of voice
transmission.

Along the way, frequency shift keying
(FSK) was developed, a fast “wobble”
between two slightly different frequen-
cies. This was used for the first trans-
mission of digital data: Baudot codes for
radioteletype. FSK is still used for data
transmission, using a radio link the
same way a facsimile machine or com-
puter modem uses a telephone line.

There are many other milestones in
the development of modulation meth-
ods, but let’s bring the story up to date.

Modulation Today

All of the exciting new RF applications
rely on modulation and demodulation
that is highly complex. The purpose of
these complicated modulation schemes
is to get more information into the limit-
ed space of the RF spectrum. In the
early days, there was little competition
for spectrum space, so simple, brute-
force modulation methods worked well.
But with the amount of information we
wish to communicate to one another,
technology must be used to greater
advantayge. Advanced methods of mod-
ulation make it possible to transmit that
information without using up all of the
available RF frequencies.

These new RF systems involve trans-

mission of information in digital form.
The audio compact disc (CD) contains
digitized music, and work is underway to
replace FM broadcasting with digital
audio broadcasting (DAB) to match the
CD’s level of sound quality. HDTV/ATV
will be broadcast as digital information,
as well, with new TV sets including
extensive digital circuitry in addition to
the RF portions. All of the next genera-
tion of voice communications (PCN,
DECT, digital cellular) send information
in digital form. To send this data, two
major types of modulation are being
used: complex phase and amplitude
modulation, and spread spectrum. The
first of these is basically a refinement of
classic modulation methods, but spread
spectrum is a bit different.

Spread spectrum (SS) is a developing
modulation technique which makes a
trade between amplitude and band-
width. An unmodulated RF signal occu-
pies just a single frequency, while SS
either “smears” the signal across a
range of frequencies, or hops around
among a number of different frequen-
cies. The advantage of this method is
that the same total energy carries the
signal, but at any single frequency, the
energy is far less than conventional RF
signals. This reduces the potential for
interference. The precision of SS and
other complex modulation is literally
mathematical — every type of modula-
tion can be represented by a set of
equations. The functions described in
these equations establish exactly what
the modulator should do regarding
amplitude, frequency and phase as it
transfers information to an RF signal.
The demodulator must operate on the
same set of equations in the reverse
order, to exactly recover the transmitted
data.

To implement the modulation tech-
niques required today and tomorrow, the
RF engineer’s challenge is to develop
circuitry that will maintain the required
precision, stability and reliability. RF

For reprints of this report, contact
Cardiff Publishing Company at (303)-
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Figure 5. PLL step-up response, (Note that sample Figure 6. PLL step-down response, (Note that sample
number is along the x-axis).

number is along the x-axis).

runs. The frequency is plotted (on the
vertical scale) against sample number
(on the horizontal scale). Note that the
period between samples is proportional
to frequency, so that as the frequency
changes 10 percent, the time scale also
changes 10 percent. This should be
kept in mind if sample number is to be
interpreted as time.

The two plots show a step input from
100 Hz, changing to 110 Hz (boxes on
plot). The step response was plotted
with diamonds, which were lined up with
the input (the counter data was asyn-
chronous with the square wave input
timing). The response in both directions
shows a 0.5 damping characteristic of
15 percent overshoot. The output cross-
es the input level for the first time after
three steps, which would be the
response for a 20 Hz second order sys-
tem. As can be seen, the response is
stable and almost textbook in nature.
From the previously supplied noise data,
this circuit works very well.

Note, the 200 Hz signal was used for
output data in order to show the finer
details of the step. The data was plotted
using Excel which did not allow two ver-

Fin ) Phase Oetector Fiiter Loop
ki Error

I 1 YCo
4 K2

PLL BLOCK DIAGRAM

Figure 7. PLL block diagram.
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~ tical scales, so the 200 Hz frequency

was divided by two for the plots.

PLL Calculations

The following are the calculations
used to obtain the theoretical frequency
response of the phase locked loop.

Phase detector gain (Volts/radian):

K1=20.45 = 0.286 1)
I

Filter pole (Hz):

1.8k — 3pF

WP = 2129.5 = 185.354 ()
VCO gain ( (radian/sec)/Volt ):
K2:2n%=1.323x103 (3)

Open loop gain with divide by four
countdown:

K1-K2 (4)

K= =04.737

The transfer function includes a sample
frequency at double the input frequency.
This is included as the sinc function.

Closed Loop:
BW is 20 Hz
abs damping 0.5

Frequency in Hz

Figure 8. Bode plot of PLL closed
loop transfer function.

n=1..100,s, = jn

FS = 200 (sample frequency in Hz)
FP = 30 (filter pole frequency in Hz)

Inverted open loop gain:

S, \( S Lo,
D] 2P 1 jefFs 5
](FP+ )e 9

G, :(271:
K

Closed loop expression:
sin(n L]
VU F8)
n
G, +1)| m—=
(G + >(“ FS)
Magnitude of C, (dB):

M, = 20 log (|C,) 7)

RF

C, =
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RF featured technology

1.8 GHz Direct Frequency VCO
With CAD Assessment

By Brendan Kelly, Dr. Noel Evans, Brian Burns

University of Ulster at Jordanstown

The ever increasing consumer
demand for the radio frequency spec-
trum in personal and mobile communi-
cation systems is driving RF design into
the GHz bands. Computer simulation of
RF circuits is helping to resolve the
inherent design problems as software
packages such as EEsof’'s JOMEGA
become available. How accurately a
simulated RF circuit performs in practice
is still, however, a matter of some con-
jecture. This paper describes a novel
VCO design, in concept and practice,
and compares its actual and simulated
performance.

F source design at frequencies
above 1 GHz still relies to a large
degree on the discrete component con-
struction of an oscillator followed by cas-
caded mixer and multiplier circuits.
Direct frequency generation offers:
1) A reduced component count resulting
in space and power efficiency and,
2) The elimination of close-in spurious
outputs and hence no intermodulation
problems.

Cavity and line resonators may be
used to control direct frequency genera-
tion, but cavities are physically bulky
and line resonators have low Q-factors.
Circuits to implement a stable 1.8 GHz
oscillator within a miniature package
and with low output phase noise present
a design problem which can be partially
solved by the introduction of high Q-fac-
tor coaxial ceramic resonators as the
frequency determining elements.

Resonator Characteristics
Electrically, this ceramic component
forms a coaxial conductor which is
short-circuited by its silvered outer coat-
ing: a typical resonator designed for 1.8
GHz operation has the dimensions
shown in Figure 1a. lts equivalent circuit
corresponds to that of the parallel RLC
circuit shown in Figure 1b (1). Values for
C_and L, may be calculated from equa-
tions 1 and 2, derived from coaxial

RF Design

transmission line parameters (2).

2neqe
C - 0%r
P
2"{9) M
d
_aHolly (D
L, =8 2‘;; ln(a—jl @)

These formulae, together with the Q fac-
tor (615) as measured by the manufac-

turer (1), produce circuit values of:

Cp.—. 7.26 pF Lp= 0.854 nH Rp= 7.9 kohms

Negative Resistance Approach to
Oscillator Design

Consider an ideal series tuned circuit
(infinite Q). When excited, it will oscillate
indefinitely because there is no resis-
tance to dissipate energy. In a circuit
with a finite Q, oscillations will decay as

(@ ®)
Rp Lp —— Cp
e ]
D = 6mm Other frequencies can be Rp =790
accomodated using different
d = 2.5mm resonator lengths and/or Lp =085mH
cross-section dimensions
1= 6.026mm  and/or different dielecric Cp  =726¥
Figure 1. 1.8 GHz resonator and equivalent circuit.
@ ®
Resonator Amplifier Resonator Amplifier
O—0
L -
c Cr "
" Rp —=FfL, -1p X pamp
R
Figure 2. Negative resistance and conductance.
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RF cover story

A Flexible Fractional-N
Frequency Synthesizer for
Digital RF Communications

By Jonathan Stilwell
Philips Semiconductors

In digital RF communications systems,
typical single-loop synthesizers may not
meet all switching time, noise and spuri-
ous output requirements. An introduc-
tion to fractional-N frequency synthesis
and a comparative evaluation between
standard and fractional-N single-loop
synthesizers in a 900 MHz application
are presented. A simple passive filter
design procedure, information on loop
analysis and optimization using com-
mercially available software and design
tips are also included.

irst, we will attempt a fast-switching

design using a standard PLL. For
designs with channel spacings less than
100 kHz, a synthesizer with high fre-
quency resolution is desired. Typically
such devices have been used in analog
applications with very low loop band-
widths. Such designs meet noise (resid-
ual FM, integrated jitter) and spurious
sideband requirements but are often
very slow to switch channels.

The channel spacings, noise and spu-
rious requirements for some of the
emerging digital communications sys-
tems are approximately the same as
analog systems, but the switching times
allowed are much smaller. This poses a
challenge for the designer not wanting
to design complicated loop filters or
revert to a double-loop approach.

Design targets for a narrowband digi-
tal RF system focal oscillator are shown
in Table 1. A PLL frequency synthesizer
with standard architecture (Fujitsu
MB1501) was chosen and configured

with a single loop filter (i.e., no switched
loop filter or loop adaptation). As the
switching time target is aggressive, the
closed loop bandwidth was chosen to be
fairly wide (4 kHz) relative to the com-
parison frequency (30 kHz).

Figures 1 and 2 show the loop filter
and resulting close-in noise spectrum.
The SSB phase noise at a 1 kHz offset
was:

L(1 kHz) = —69.7 dBm —
= -58.7 dBc/Hz

(-11 dBm)

This was too high to meet the specifi-
cation, as was the 30 kHz spurious at
-52 dBc.

The simplest approach to solving such
noise and spurious probiems would be
to reduce the loop bandwidth at the
expense of switching time. However,
Figure 3 shows that the switching time
goal is not being met, either, so the loop
bandwidth cannot be reduced. Without a
different approach, or a very elaborate
loop filter, we are hard pressed to meet

the design targets with a single synthe- -

sizer.

Introduction to Fractionai-N
Synthesis

A typical synthesizer such as the
MB1501 above has a frequency resolu-
tion or step size equal to the phase
detector comparison frequency. With the
fractional-N technique, however, the
step size is a fraction of the comparison
frequency. For example, the design that
follows yields 30 kHz resolution from a

VCO frequency fyco 918 MHz

Channel spacing fop 30 kHz

Spurious Sidebands Ispursl <~55 dBc

SSB Phase Noise L(f) <—65 dBc/Hz, 500 to 5000 Hz

Switching Time tg <1 ms to within 1 kHz, 15 MHz step
<2.5 ms to within 100 Hz, 15 MHz step

Table 1. Synthesizer target specification.

RF Design

240 kHz comparison frequency. It
increases the resolution by alternating
overall division ratios between two val-
ues (for most output frequencies), with
the time spent in each ratio under con-
trol of logic circuitry. When different
channels are selected the times are
adjusted so that the overall division ratio
changes in fractional (rather than the

Figure 1. Standard synthesizer
design schematic using MB1501.
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Figure 2. Close-in noise spectrum
of standard design.
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Figure 3. Switching response of
standard design (output signal
mixed down to 42 MHz).
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typical integer) increments.

For a given step size this increase in
resolution means a higher comparison
frequency and therefore a lower overall
division ratio. In most synthesizer appli-
cations the phase noise is largely
dependent on this overall division ratio
— the larger the ratio, the higher the
noise. With fractional-N division the
close-in spot SSB phase noise could
theoretically be lowered by up to
20log(240/30), or about 18 dB for our
example. Having this lower noise floor
and the higher comparison frequency
available, a designer who uses the frac-
tional-N method can build circuits with
wider loop bandwidths yet maintain the
same stability. Such circuits could
switch much faster for a given integrated
phase jitter, be much quieter for a given
switching speed, or be both faster and
guieter than conventional designs.

Expensive discrete fractional-N imple-
mentations have been used in synthe-
sized signal generators and military
equipment for some time. The technique
was described by Dr. Ulrich Rohde in
RF Design (1) and also in his book on
frequency synthesis (2). An analysis and
description was presented by Roland
Hassun of Hewlett-Packard in an article
in Microwaves & RF (3).

How fractional-N works — Figure 4
shows the contents of a digital accumu-
lator used in fractional-N synthesizers.
For each channel assigned, the division
ratio includes a fractional part that is
programmed into the synthesizer as a

Division | Accumulator
Contents (NF=3)
N 3
N 6
N+1 1
N 4
N 7
N+1 2
N 5
N+1 0

If we compute the average division
over one complete cycle we get,

N = 8N+3

ave 8

=N+§
8

Figure 4. Digital accumulator con-
tents, fractional-N system.
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fractional word (NF). Each comparison
cycle the accumulator contents are
incremented by the fractional word,
leading to overflow when the value
exceeds the comparison frequency-to-
step size ratio (240/30 = 8 in our exam-
ple). The output is fed to the dividers so
as to swallow a VCO cycle (increase the
divide ratio by one) for one comparison
cycle each time the accumulator over-
flows. Thus, over a number of cycles the
average division ratio includes a frac-
tional part. It is this fractional part of the
division ratio that allows the system to
increase the frequency resolution and
therefore use a higher comparison fre-
quency.

An Integrated Fractional-N
Synthesizer

The UMA1005 is the first commercially
available synthesizer known to have
fully integrated fractional-N operation,
including accumulators and circuitry for
fractional compensation. Figure 5 shows
the block diagram of the device. It is
designed in the Philips SACMOS
process, allowing high frequency opera-
tion with very low current (up to 5 MHz
comparison frequency, <5 mA typical).
Support of external two-, three- and
four-modulus prescalers (e.g., the
NE701/2/3 family) is provided. The two
latter types reduce the minimum
required system division ratio below the
typical value imposed (P2-P) by stan-
dard dual modulus devices. This allows
support of the higher comparison fre-
quencies used in fractional-N operation.
The choice of a two-chip solution allows
for maximum flexibility, as the UMA1005
can be used with various prescalers not
only for 1S-54 dual-mode cellular and
trunked radios but also for 1.9 GHz PCN
and 2.45 GHz ISM band applications.

The UMA1005 includes a second,
non-fractional-N, PLL frequency synthe-
sizer available that can be used as an
offset oscillator for full duplex systems.
In a typical system the receive channels
might be 45 MHz above the transmit
channels. In such a system the main
fractional-N synthesizer would be used
to synthesize a high-side receive oscilla-
tor and the auxiliary operated at 90
MHz. Direct frequency modulation
(FSK/GMSK) could be done on the aux-
iliary VCO. The two signals would be
mixed and the difference frequency
transmitted.

Use of fractional-N and an offset oscil-
lator improves the phase noise and
residual FM of both loops by reducing
the overall division ratio compared to

standard synthesis of two UHF oscilla-
tors. The offset architecture also allows
direct VCO modulation down to low fre-
quencies while maintaining fast switch-
ing.

Rapid channel changes are achieved
due to several device features. First, the
device has the high phase detector
bandwidth (5 MHz) required for the
design of low noise loops with channel
spacings from 10 to 5000 kHz. Second,
the high speed (10 Mbit/s) three-wire
serial interface reduces the time
required to initially send channel fre-
quencies from the system microcon-
troller. Third, partitioning of the data reg-
isters allows the output frequency to be
changed (after initial ioading) by only
reprogramming a single 24- or 32-bit
word. Fourth, as discussed below, the
device reduces switching time by having
a high gain mode that allows faster ini-
tial acquisition.

The UMA1005 simplifies the design of
stable adaptive loops. In such systems
the loop bandwidth is increased during
switching to allow faster initial frequency
acquisition. A unique feature of the
UMA1005 is that, unlike methods that
switch in various filter components, sta-
ble adaptive designs require no increase
in the external loop filter component
count. This is because the device has
dual detector outputs that can be con-
nected to the standard loop filter so as
to not only increase the loop bandwidth
but also keep the phase margin con-
stant when changing between switching
(speed-up) and steady state (normal)
modes. Because the UMA1005 inte-
grates high quality charge pumps, most

e | ot s I
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UMA1005

Figure 5. Block diagram of
UMA1005.
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Figure 6. Nonadaptive UMA1005 design schematic and register values.

designs can be realized with a simple
loop filter having three to five passive
components.

In some existing designs the
switchover time of adaptive loops is
fixed because the in-lock detector deter-
mines which detector or pump is active.
With the UMA1005 the adaptation time
is user programmable. This allows the
user the flexibility to remain in the high
gain mode beyond the initial lock detect.
This may lower switching time compared
to typical designs that may switch to a
narrower loop bandwidth before ade-
quate settling has occurred. Waiting to
switch modes can also be useful in TDD
transceivers that can remain in high-
gain mode to make fast RSS! measure-
ments.

Owning up to the design tradeoff —
The primary challenge of designing a
good fractional-N synthesizer is in can-
celing spurious outputs. When the frac-
tional word is not zero (four-fifths or
seven-eighths of the channels with the
UMA1005) there will be fractional spuri-
ous sidebands in addition to the com-
parison frequency sidebands. These
additional undesired outputs are typical-
ly referred to as the fractional spurs and
result from fractional jitter. They arise
because, although the average division
is correct in the system, the instanta-
neous phase of an uncompensated sys-
tem is not constant. There is a ramp
error in phase each time the accumula-
tor overflows and the overall division
value is changed.

Cancellation of this instantaneous
phase error and the fractional spurs can
be achieved, however. This is because
the contents of the accumulator approxi-
mate the instantaneous phase error and
can, if properly scaled and subtracted
from the phase detector output, com-
pensate for the phase jitter. Such can-
cellation is done by internal circuitry in
the UMA1005 synthesizer.

As different channels are selected the
fractional word is updated and the main
fractional spur moves relative to the car-
rier. For the higher fractional words the
spur is at such wide offsets (150, 180,
210 kHz in our example) that the closed
loop response effectively eliminates it.
The closest the main spur can get is
within one frequency step of the carrier

RF Design

(30 kHz in our example) so ensuring
good spurious performance means the
same characterization as with a stan-
dard synthesizer.

The use of an adaptive loop, having a
narrower loop bandwidth for a given
switching speed than a nonadaptive
loop, will ensure that maximum fraction-
al and comparison frequency spurious
rejection is obtained.

We now return to the single-synthesiz-
er design challenge presented earlier,
armed with this new synthesizer. In
order to see the benefits of fractional-N
synthesis a simple non-adaptive design
was constructed that closely matched
the MB1501 design above. The same
VCO, channel spacing, TCXO quality
and closed loop bandwidth were cho-
sen. Only the synthesizer and loop filter
values were changed.

Figures 6 and 7 show the loop filter
and resulting close-in noise spectrum.
The SSB phase noise at a 1 kHz offset
was:

L(1 kHz) = —79.5 dBm - (-5 dBm)

—74.5 dBc/Hz

This easily met the target specifica-
tion, as did the 30 kHz spurious of —62
dBc.

Study of the close-in noise response
in comparison with the MB1501 shows
some 15.8 dB improvement in the SSB
phase noise due to the lower division
ratio, as would be expected. It also
should be noted that, although the two
designs show roughly the same closed
loop bandwidth the UMA1005 shows
less peaking. This is to be expected as
the phase comparator is operating at

uasyes |
918/ 02640 MH=
7958 ¢Bm 41

g

cccccc 16, 62040 Mz SPAN 18, 2@ WHa
RES BW 108 He vBw 182 Hx swe e

Figure 7. Close-in noise spectrum
of nonadaptive UMA1005 design.
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Figure 8. Switching response of
nonadaptive UMA1005 design
(output signal mixed down to 42
MHz).

240 kHz and this is much higher than
the closed loop bandwidth. The addition-
al phase margin and increased compari-
son frequency reduced the switching
time (Figure 8) to 1.0 ms, some 33 per-
cent faster than the MB1501 design.

Finally, we note that the fractional
compensation is working quite well, as
the fractional spurious with the lowest
fractional word (30 kHz offset, NF=1)
was 10 dB better than the MB1501
design (Table 2).

Adaptive Fractional-N Design

As mentioned above, it is possible to
improve the noise and spurious
response, and decrease the switching
time using an adaptive design. Such a
design was made using the procedure in
the UMA1005 application note. This was
designed for a closed loop bandwidth of
1.5 kHz in normal mode and 4.5 kHz in

VCO frequency fyeo
Channel spacing fsp
Comparison frequency fC
Overall Division Ratio N

SSB Phase Noise L(1 kHz)
30 kHz sidebands 130 kHz!
240 kHz sidebands 1240 kHz!
Switching time tg

MB1501 UMA1005

918.03 918.03 MHz
30 30 kHz

30 240 kHz
30,601 3825.125

-58.7 -74.5 dBc/Hz
-52 -62 dBc

— -76 dBc
1.5 1.0 ms (w/in 1 kHz)

Table 2. Comparison of UMA1005 with MB1501.
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Figure 10. Close-in noise spec-
trum of adaptive UMA1005
design.

speed-up mode. The resulting schemat-
ic and register values are given in Fig-
ure 9. The close-to-carrier output spec-
trum is shown in Figure 10, which
reveals the closed loop bandwidth of
about 1.5 kHz and SSB phase noise of:

L(1 kHz) = —75.8 dBm — (-6.9 dBm)
= —68.9 dBc/Hz

This yielded residual FM of 77 Hz
RMS, unweighted, from 50 to 15000 Hz,
and integrated jitter of 1.6 degrees from
200 to 20000 Hz.

The fractional sidebands were
reduced to —68.5 dBc at 30 kHz, some
13.5 dB better than the requirement. For
the next channel (NF = 2) the 60 kHz
fractional spur was at -86 dBc. The
comparison frequency feedthrough at
240 kHz was always below —85 dBc.

Figures 11 and 12 show the switching
response to a 15 MHz output frequency
step. The design meets both the coarse
(1 kHz) and the fine (100 Hz) switching
time requirements. It should be noted
that the fine settling could be improved
somewhat as adaptation time was arbi-
trarily set at 1 ms, at which point chang-
ing loop gain causes a predictable glitch
of a few kilohertz. Reducing the time in
the wider bandwidth mode should
reduce the final settling time by about
0.3 ms.

Basic Design Procedure

The following procedure will yield a
first-pass loop filter design for the
UMA1005/1014/1016 PLL circuits
(including nonadaptive designs using
the UMA1005 - adaptive designs are
documented in the application note for
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Figure 9. Adaptive UMA1005 des‘ign schematic and register values.

that device):

a. Select basic loop and synthesizer
parameters:
* output signal frequency, f,., , Hz
*VCO gain, K, , Hz/V
* switching time, tg , seconds
* comparison frequency, f. , Hz
(equals channel spacing using
UMA1014/1016, 5 or 8 times channel
spacing using UMA1005)
¢ loop damping factor, zeta, unitless
(0.707 = fastest switching, 1.0 = low

overshoot)
* charge pump output current, iy ,
Amperes (selectable using

UMA1005/1014; fixed value using
UMA1016)

b. Calculate approximate natural fre-
quency of loop from switching time
requirement:

* natural frequency, f,, = 2/t4

c. Calculate overall division ratio and the
most critical component values:
« loop division ratio, N = f, . /f.
* main capacitor
C, =K, I/IN@2rfy)?]
* damping resistor
R, ~2zeta[N (K, I, C,)1°°
» filter capacitor C, = C,/10

PLL Simulation and Optimization
The above component values will
yield a third order system response from
a second order filter response (with one
pole due to the VCO). The resulting val-
ues are only approximations, however,
as they were derived by assuming the
loop was a second order type. For more
accurate analysis and optimization, key
loop parameters and the filter response
can then be entered into a software
analysis program to verify loop stability
and switching time, such as (4). This
product is for use on MS-DOS comput-
ers and includes graphical outputs of
open loop, closed loop, switching time
and error responses, as well as having
the ability to simulate phase noise. The
formulas in Figure 13 can be used to
convert component values into parame-
ters requested by that program.
Warning — Although the gain of
phase detectors is most commonly
specified in volts/radian, circuits (such

waiting for trigger
T,

Az,

;QL@/ N

8.88s 2. co88ms

Figure 11. Switching response of
adaptive UMA1005 design (5
kHz/division, output signal mixed
down to 42 MHz).

BT i
dopen || L
A
S R
R o

258.8ys/div

Figure 12. Switching response of
adaptive UMA1005 design (100
Hz/division, output signal mixed
down to 42 MHz).

as the UMA1005/1014/1016) that have
integrated charge pumps are typically
specified in output current (amperes or
amperes/cycle, used interchangeably).
Remember to use i, in amperes for cal-
culation of loop filter components and
use the formula in Figure 13 to convert
the I, value and loop filter component
values to a single Volts/radian value for
purposes of the PLL analysis program.

Study of the Figure 13 formulas shows
that C, is the single most critical filter
component determining the loop dynam-
ics, as it determines not only the domi-
nant zero frequency but also the detec-
tor gain. Be sure to perform the analysis
using the standard capacitor value to be
built into the circuit. As this is the largest
capacitor in the circuit, attention to the
type of dielectric used will help minimize
switching time and leakage (see Tips
from the Trenches below). As the
UMA1005 has programmable charge
pump currents, adjustable with 8-bit res-
olution, the gain is easily adjusted to
optimize loop performance once a par-
ticular C, value is chosen.

This linear analysis does not include
calculation of comparison frequency
sideband magnitudes arising from non-
linear effects. After a design has been
analyzed to be stable, it shouid be pro-
totyped and the sidebands measured. If
they are not suppressed sufficiently then
the additional lag network (R,, C,) can
be added. This network will change the
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- P
Loop Parameters
Parameter 3rd Order 4th Order Units
Kd lup (A / cycie) lep Virad
2n(C, +C,) 2n(C, +C, +C;)
Poles (1st Order) zato 2ato0 Hz
1 at ..E‘_.'.*ﬁ!_.
27R,C.C,
1 /C+C, +C
Pole (2nd Order) N/A 2 _L—!'R,R, c.C.C, Hz
R,C4(C, +C;) +R,C,(C, +C5)
Damping N/A ﬂp[ C,+C, +C, ]
1 1
Zero (1st Order) 2R, 2R.C, Hz

Figure 13. Basic passive loop filter design.

system to a fourth order type, with the
resulting frequencies and damping fac-
tor listed in Figure 13. It is important to
keep the second order pole frequency
much higher (typically at least a decade
above) the dominant zero frequency in
order to ensure adequate phase margin.
Be sure to include the VCO internal
capacitance (add to C, value) when cal-
cuiating the second order pole frequency.

Before prototyping, the simulated
magnitude of the closed loop response
at the comparison frequency (with the
extra pole added) can be compared to
the original circuit response to verify the
additional amount of sideband suppres-
sion to be expected. The gain and
phase margins will be reduced some-
what. If placed at too low a frequency
both the chances of oscillation and the
final settling time will increase.

Tips From the Trenches

Many years ago a wise applications
engineering manager advised me that
“Q doesn’t come in small packages”.
This axiom is very pertinent to synthe-
sizers and affects the selection of sever-
al of the external components. The
words ring in my ears with each ring of
the telephone from someone attempting
to ignore this advice.

RF Design

Much has been written on the impor-
tance of VCO and TCXO oscillator quali-
ty but | will emphasize it here for the
synthesizer novice: Use low-grade oscil-
lators and your phase noise (and more)
will suffer. Smaller usually means lower
quality. The TCXO phase noise domi-
nates the phase noise closest to the car-
rier, typically at offsets below 100 Hz.
The VCO phase noise is essentially the
system phase noise at offsets of greater
than a few times the loop bandwidth and
therefore can affect integrated jitter,
adjacent channel protection and inter-
modulation performance.

Probably one of the less discussed
components is the large integrator
capacitor in the loop filter. Due to the
large values often required, there is con-
siderable temptation to keep size small
by using Z5U or X7R ceramic or, worse,
electrolytic types. The problems with
these include higher leakage current,
which raises spurious levels, and more
dielectric absorption. This second factor
is “memory” in the capacitor dielectric
that can really degrade the settling time.
The switching time data in all of the
above designs were taken using poly-
ester film type capacitors. Figure 14,
when compared to Figure 8, shows how
the use of an X7R ceramic capacitor will

{43} Froq B 11k only
waiting for trigger

| |
|
|

.. oL [

8. 005 588, Bus 1.0008ns
188. 8us/d iv

Figure 14. Effect of X7R capacitor
on switching response.

increase final settling time. Polypropy-
lene and polystyrene are the best but,
for non-military budgets, polyester film
types provide much improvement at a
reasonable cost.

Summary

The UMA1005 has features making it
especially attractive for emerging digital
communications markets, where simul-
taneous requirements for fast hopping
and low noise pose challenges not met
by typical low cost commercial devices.
The UMA1005 is in production now, with
prices from $5.81/500s. For more infor-
mation, call (800) 447-1500, ext. 1008,
or circle Info/Card #161. RF
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RF tutorial

A Clearer Derivation of
the Microwave Gain Equations

By Dean A. Frickey

In microwave amplifier design and
analysis, a clear understanding of S-
parameters and the gain equations is
required. The derivation of these gain
equations is often gone over lightly in
text books. In addition, most books will
show,

_Zs_ZO _ZL"ZO
ST Z.+2Z, o

yet fail to state that these equations
require Z, to be real.

his paper begins with definitions of

incident and reflected current and
voltage and the definitions for the a’s
and b’s used in the S-parameter equa-
tions. From these are derived expres-
sions for the input reflection coefficient,
T,, the output reflection coefficient, T,
the source reflection coefficient, I'y, the
load reflection coefficient, I', the power
relations in terms of a’s and b’s from S-
parameters, and the gain relationships.
In doing this, no assumptions have been
made requiring real normalizing imped-
ances so the results are complete.

Incident and Reflected
Components

The terms incident and reflected,
while they conjure up pictures in our
minds, need to be defined in terms of
circuit theory. Following the work of Car-
son (1), the circuit of Figure 1 provides
the definitions for the incident voltage
and current. The incident current, |, is
defined as the current through the load
when it is conjugately matched to the
source. From the circuit in Figure 1, this
gives,
I, = ...m\./_S_ M

Zo+2y"

The incident voltage, V,, is defined as
the voltage across the load when it is
conjugately matched to the source. it is
given by,

— VSZO*

b Zo+ 2yt
where * indicates complex conjugate.

When the actual load is connected to

2
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Figure 1. Circuit for the definition
of the incident current and volt-
age.

Figure 2. Voltages and currents
with the actual load.

the source we have the situation shown
in Figure 2. This circuit defines the actu-
al current flowing through and the actual
voltage across the load. Here, the actual
current is given by,
= _.\./.s_ (3)
Zo+2Z,
The actual voltage across the load is,
V.Z
= _Z_L (4)
ot ZL
The reflected current, |, is defined as
the difference between the incident cur-
rent and the current to the actual load.

=11 (5)
Then,
=1 -1, (6)

1
In a similar manner the reflected volt-
age, V,, is defined as the difference
between the voltage across the load and
the incident voltage.

1

V., =V-V, 7)
Then,
V=V,+V, (8)

Since Z, is used in the definitions of the
voltages and currents, it is referred to as
the normalizing impedance. Z, will turn
up in the S-parameter derivations and it

is important to know where it comes
from.

We need to get relationships between
the incident voltage and current, and
between the reflected voltage and cur-
rent. To do this, substitute equations 1
and 3 into equation 5 to get,

— Vs(ZL — Z0 *)

r - * (9)

(Zo+Zy"NZo +Z,)

Substituting equations 2 and 4 into
equation 7 gives

Vr — VSZO(ZL _ZO ) (10)

(Zo +Zo™NZo +2Z1)

These expressions, along with equa-
tions 1, 2, 3, and 4 give the voltage and
current components in terms of the
source voltage, the normalizing imped-
ance, and the load impedance.

From equations 1 and 2, we have

V,=2Z,"1 an
and from equations 9 and 10, we have
V, =2, (12)

Equations 11 and 12 will be used in the
derivations to follow.

The equations in this section were
developed for a 1-port network. By sim-
ply adding subscripts to the voltages
and currents, the equations are valid for
multi-port networks. In this paper,
expressions are being developed for 2-
port networks so the remaining deriva-
tions will only refer to 2-ports.

Scattering Parameters

Now, for a 2-port network, the scatter-
ing parameters are defined by the rela-
tionships,

by =Sya; + S, (13a)
b, =Sz +Spa; (13b)
a and b are defined as,
1
Zy+2Zo" |2
e [0,—20!“} Iy a4
1
b, {MT 1 (15)
] 2 I
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wave incident upon the input and b, is
the wave reflected from the input.
Reflection coefficient is defined as the
reflected wave divided by the incident
wave so we write
b,

'y a, (23)
In words, I, is the input reflection coeffi-
cient, the reflection coefficient looking in
port 1 with port 2 terminated in a load
impedance Z, .

To derive an expression for I', in
terms of the S-parameters and the load
impedance, Z,, divide equation 13a by
a, to get,

b a
.__1=S11+S12|:_2}
ay ay

Substituting equation 23 into this gives,

and substituting this into equation 24
gives,

S12521(8a /0)
1-8y(a, /by)
From Figure 3 we can see that b, is the
wave incident upon Z, and a, is the

wave reflected from Z,. We can then
write,

I'y=84+ (26)

r =2 (27)

Using equation 27, equation 26 can be
rewritien as,

=8+ ———*4 (28)

We need to find an expression for a,/b,.
To do this we will use the expressions
derived in equations 21 and 22 where
the subscript | is now 2 for port 2. From
the current and voltage defined in Figure

22 written for port 2, we get,
(2, —Zy,)
]
[2(202 +Zg *)]2
(2 +Zg7)

82 = (30)

b, = ;
e (31)

[2(202 +Zg, )]2

Dividing equation 30 by equation 31 and

using equation 27 gives,

(2 -2y)
(ZL+2Z7)
Notice in equation 24 that if a, = 0 then
r, = 8,,. Writing S,, = b,/a, witha, =0
is the usual method for defining S,,.
However, it is usually not clear how to
make a, = 0. Simply looking at the cir-
cuit gives no clue. If one quickly says
_4=4
LTz, +2,

(32)

a
Iy=8;+ 812{5“} (24)

1 3 we can write,

Solve equations 13b for a, to get, V. = 1.7
2 = 2L
b, -~ 5,8,

a, =
821

(25) Substituting this into equations 21 and

as is too often done, the question arises,
(or should arise) “What is Z,?" Z, is not
in the circuit and the physical interpreta-
tion of a, = 0 is lost. However, from

(29)

Aggressive. Determined. Tenacious.
Just Like Everyone Else Who Works Here.

E.F.Johnson has been in the electronic components industry for 70 years, and
we’re in it to stay. Our new independence as a private company has sparked a
new energy. A new spirit. We are determined to win your RF connector and
electronic hardware business. Our aftitude toward salisfying today’s customer
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equation 30 we can see that to make a,
equal to 0, Z, must equal Z,, i.e. the
load impedance must be the same as
the normalizing impedance. In other
words, I is the reflection coefficient rel-
ative to the port 2 normalizing imped-
ance.

In a similar fashion, an expression can
be obtained for the output reflection
coefficient, the reflection coefficient
looking in port 2. This circuit is shown in
Figure 4. From the circuit we see that,

b
r,=-%
2=, (33)

Solving equation 13b for b,/a, and sub-
stituting equation 33 gives, )

Iy = 321{‘%‘} +8,, (34)
a
Then from equation 13a,
b, — 5442,
4, = ——————— 35
Sy %)
Substituting this into equation 34,
T, =S, + S12S2(a, /by) (36)

1-Sy4(ay/by)

From Figure 4 we can see that b, is the
wave incident upon the source and that
a, is the wave reflected from the source.
We can then write,

a
==t 37
=, (37)
and using it in equation 36 we can write,
T, =S+ SieSals (38)
1-8,,T'g

Now we need to find an expression for
a,/b,. To do this we again use the
expressions derived in equations 21 and
22. From the circuit in Figure 4, we can
write,

V,=-1,Zg (39)

Using this in equations 21 and 22,

where now j is 1 for port 1, we have,
—h(Zs = Zo1)

1= 1

3 (40)
[2(201 + 201*)]

“1(Zg +Zo,*)
b1= 1\&s 01 :

[2(201 + 201*)]2
Dividing equation 40 by equation 41 and
using equation 37 gives,

(41)

.- (Zs-Z01) (42)
(Zs +Zoy")

These equations show that if the source

impedance is equal to the normalizing

54

by I a a 1
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Figure 5. The complete circuit for
which the gain is to be calculated.

impedance, 'y = 0 and I, = S,,. In other
words, T is the reflection coefficient rel-
ative to the port 1 normalizing imped-
ance.

Gain Equations

We now want to begin developing
equations for gain. There are different
gains that can be defined but the basic
circuit is shown in Figure 5.

Power Relations

First, we must derive equations for the
power into a port. From circuit theory we
know that the time average power into
port 1 is given by,

P, = % ‘Re{V{, "} (43)
To get an expression for this, first sub-
tract equation 22 from equation 21 to
get,

1

a,~b, =, {MT (44)
2

Solving this for 1.

1
_ 2 P (45)
h= [(201 +Zo1*)} (@, =b1)

Then, adding equations 21 and 22
gives,

2V +1(Zoy = Z4y%)
il (46)
%12
[2(201 +Zy )]
Substituting equation 45 into equation
46 gives,

a;+b, =

a;+b, =
1

2
2V, +|(a, - b, ){ (Zo1 - Zo:™)

(Zo1+Zoy™)

1
{2(201 + 201*)]_2
Solving for V, gives,
2 2 .
Vi= Zo1+Zor") (@1Zg; * +byZg) (47)
(¢} 01

Now, substitute equations 45 and 47

into equation 43 to get,
;

2 2
Py=—Re | ————— (a;Z¢p; " +bZy) *
1 ) {(201‘*201 J 1401 1401

*

1
2 2
|:(Zo1 + Zm")J (8 =by)

Simplifying, and using the identities

(x+y) = x4y

(xy)'=x"y*
1 1
(x2)" = (x*)2
gives,
P, = Re]:a‘a‘ “Zg T -ad, "7y "+, "biZy —bib, *Zm}
(Zoy+Zyy™)

Notice that a,b,*Z,.* = (a,*b,Z,,)* and
that a number subtracted from its conju-
gate is a purely imaginary number (2).
Therefore we can further reduce this
equation to,

aay " Zo " b " Zo, }

(Zoy+Ze1™)
Making use of the identity

P, = Re[

xx* = |x[*
we can write

P, = Re{ 81" 2oy *Joi[* Zs, }

(Lot +Zo1%)

~Re !a1lzzo1 i _Re |b1’2201
(Zot +Zy1™) (Zo1+Zo1")

Then noting that

X +x* = 2Re{x}
we can write,

|2

|a1[2 * ’b1
:———-Re{zO1 }—'

2Ry, 2Ry,
where R01 = Re{zOT} But Re{201*} =
Re{Z,,} = Ry, SO,

1
P, = > [131'2 - ’b1|2] (48)

Equation 48 gives the power delivered
to a port. It can be described as the dif-
ference between the power to the port,
la,2, and the power reflected from the
port, Ib, 2.

If we were to derive a similar equation
for the power from port 2 to the load, the
equation, from the circuit in Figure 5,
would be written,

P =5 -Re{Va(-1,) "}

P, ‘Re{Z,,}
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Since the only difference is the negative
sign associated with 1,, it's easy to see
that the final result would be,

1
Poa =5 [Io2[* - . ] (49)

Transducer Power Gain
The primary gain is called the trans-
ducer gain, G,, and is defined as,

Pdel

Gy =
T Pavs

(50)

where P, is the power delivered to the
load and P, is the power available from
the source. P__ is calculated as if the
source was connected to a conjugately
matched load. if a source is conjugately
matched to a load, it can be shown that
the reflection coefficient looking from the
source to the load is the conjugate of
the reflection coefficient looking from the
load to the source. So, for a conjugately
matched load, using the notation of Fig-
ure5 I, =T

1) Calculatlon of P, To calculate
P We start with equatlon 48. From
before, we know that,

b
ay

or

by=a- (51)

From Figure 5 we can write.
Vg =lZg +V,

Substituting in the expressions for V,
and |, given in equations 47 and 45 and
solving for a, we have,

1
a = Vg _ .[2014‘201*}2*,'31,]:23;201*}
(Zg+Zy™) 2 Zg+ 2o

Making use of equation 42 we can write,

a;=bg +bIg (52)

1
v *Te
where bg = S '{Zm»‘.zm T

(Zs+Zoy") 2

Equation 52 shows that the a, consists
of a signal from the source, bg, as well
as a portion of b, reflected from the
source impedance.

Substituting equation 51 into 52 gives,

a;=bg+a,\I'g

Solving for a,,

a=—2s (53)
1-TI,

RF Design

Using equation 51 in equation 48 gives,
1 2 2
P1:§~|a1{ (-1, (54)
Using equation 53 in 54 gives,
2 2
_1 pofo-rf

"2 p-rorf

The power available from the source is
defined with T', = I';*. So, substituting
this into the expression for P1 gives,

1 [o,f0-|rg[)

avs = —2‘
or
1 bsf
Pavs = 2 —[rslg (55)

2) Calculation of P ;. Looking at the
load end of the circuit in Figure 5, we
can write,

a
T Z2
L b,
or
a, =b,I' (56)

Substituting this into equation 49 gives,
1 2 2
Poer = §'|b2| (1—|FLI ) (567)

Using equations 55 and 57 in equation
50,

2 2 2
oo (1= [T )= [Ts[") (58)
2
Ibs|
Now we need an expression for b,/bg.
Using the approach in Vendelin, Pavio,

and Rohde, (3), we use equation 56 in
equation 13b to get,

b, =Sy + Spb,I,

Gr =

B—S_z 1—FSF1

Solving for b, gives,

b, = Szia,
27 1-8,,I,
Dividing by a, gives,
22__ - 21
a; 1-SyI (59)

From equation 53 we can write,
a 1
: (60)
Multiplying equation 59 by 60 will give
b, _ Sas
bsg (1-TgI'y)(1-SzI,)
and substituting this into equation 58
gives,
2 2 2
ISl (=T )0 -Ts])
- 2 2
[1-TsTy| 1= Syl |
This is the first of three expressions for
transducer gain.

If we make use of equation 28, we can
write,

(61)

(62)

IS (1-r F)c-|rsf)

2
14},‘[811 n S1250 }
1-851 )

T =
f1-8gr [

Reducing, we get,

S a-ra-rsf)  (63)
| (18 Tg)(1= S50 )~ S1pS I\ Ts [

Gy =

This is the second expression for the
transducer gain.

To derive a third expression, factor (1
— §,,T'g) out of the denominator and
write,

Sul (- F)-|rsf)

2
S12821FLFS
(1 - SHFS)

Gy =

(1—311Fs)~[(1—32211)-
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RF design awards

Lowpass Coaxial Filters
Synthesized by COAXLPF

By Eric L. Stasik
Ericsson GE Mobile Communications, Inc.

This entry to the 1992 RF Design soft-
ware design contest s called
COAXLPF; an acronym for COAXial
Low-Pass Filter. As the name suggests,
this program designs coaxial low-pass
filters. A remarkable feature of this pro-
gram is its synthesis capability.

OAXLPF performs the dimensional

synthesis of Chebyshev and Butter-
worth coaxial low-pass filters. The syn-
thesis technique is the well worn trans-
formation of prototype element values
into lumped element electrical compo-
nent values. These lumped element val-
ues are then approximated with alternat-
ing high and low impedance distributed
transmission lines. COAXLPF allows the
user to design either a lumped element
or distributed element filter so it is useful
for those working at frequencies where
distributed filters become unwieldy. This
feature also helps to illustrate the theory
behind the synthesis.

COAXLPF will also perform a frequen-
cy analysis on lumped element and dis-
tributed filters either synthesized by the
program or defined by the user. Clever
use of the analysis capability will allow
for the frequency analysis of many coax-
ial discontinuities. | have successfully
used this feature to design ultra-low
VSWR transitions.

The program is austere, lacking in
fancy graphical and colorful presenta-
tion. Macht nichts, RF design is an ugly

business, not a beauty contest. Time
and emphasis has been placed exclu-
sively towards achieving accurate
results. Every conceivable discontinuity
and frequency effect has been consid-
ered. The measured results from
dozens of manufactured filters have
been used as benchmarks. Agreement
between these measurements and theo-
retical predictions is excellent. (This is
not a guarantee, your mileage will
depend on your driving habits.)

The program is written in FORTRAN
and compiled with Microsoft Corp.’s
FORTRAN compiler, version 5.0. The
program does not require a math co-
processor but will access one if
installed. No special hardware is
required, but the software may not run
reliably on anything less than a 286
machine. A default data file is read upon
invocation so the user can step through
the program by just hitting the enter key.
This file can be customized by the user
to eliminate redundant entries. The ref-
erences used to create the program
code are included below (1 - 5).
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COAXLPF (version 1.2)

COAXLPF (version 1.2) DATE = 14 DEC 1992
TIME = 10:18:12
RF/Microwave Computer-Aided Engineering Design Program

For Coaxial Low-Pass Filters:

Synthesis of the distributed circuit for your low
pass filter results in the following data:

DATE = 14 DEC 1992
TIME = 10:18:12
RF/Microwave Computer~Aided Engineering Design Program

For Coaxial Low-Pass Filters:

Rs
Xs

50.60 Ohms R1
.00 Ohms X1
Sr 1.0 u-inches DLTAN

50.60 Ohms
.00 Ohms
. 0500

[
[

Design Frequencies:

Filter Parameters:

Res = 1.0 u-ohm-cm

Frequency ANALYSIS of the 3-Section Chebysche

DISTRIBUTED Filter results in the following resp

v Low Pass
onse profile:

FC1 = 1000.0000 MHz Design = Low Pass
Sections =. 3 Thru Path

Response = Chebyschev Analysis Input Impedance, Ohms Input ===sssssss=z=c=-= Time

Ripple = .100 dB Frequency s==s==sssz=sszszz==== Port Loss Phase Delay

. . (MHz) Real Imaginary VSWR (dB) {Deg} (nsec
Cond. Diameter Relative TE11 Peak R R R I R R R R S T T T T T T T T T T T I L L T
Section {Inches} Dielectric Zo Cutoff Power Length 500.0000 40.69 -7.35 1.311 -.081 =-48.81 273
Number Inner Outer Constant {Chms) (GHz) (kw) (Inches) 600.0000 40.36 ~5.42 1.291 -.073 -58.72 .279
R L e e T 700.0000 41.72 -3.09 1.227 -.048 -68.92 .289
Source .4300 1.0000 1.6000 50.60 5.254 44.484 800.0000 45.32 -.93 1.118 -.016 -79.58 . .304
1 L7000 1.0000 1.0000 21.39 4.420 49.820 L6636 900.0000 51.91 -.013 1.026 -.004 -90.85 .323
2 L1000 1.0000 1.0000 138.06 6.831 6.564 .6923 1000.0000 62.07 -2.96 1.235 -.051 -102.87 .344
3 L7000 1.0000 1.0000 21.39 4.420 49.820 L6636 1100.0000 73.70 ~14.65 1.559 —.216 -115.60 .362
Load <4300 1.0000 1.0000 50.60 5.254 44.484 1200.0000  76.65 ~37.78 2.057 -.557 -128.84 .371
. 1300.00600 60.94 -59.02 2.808 ~1.115 ~142.14 »365
Total length of filter = 2.0196 1400.0000  38.54 ~63.99 3.920  -1.891 -154.97 .345
1500.0000  22.55 -58.59 5.516 =2.850 ~166.86 <314

Figure 1. Output of synthesis routine. Figure 2. Output of frequency analysis routine.
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RF design awards

A Low Cost,

By Ronald “Sam” Zborowski
ITS Corporation

Some IF processing work requires
fast, broadband electronic signal switch-
ing. Conventional RF switch designs
have limited switching speed and low
end bandwidth due to LC circuits used
to separate RF and control signal paths.
A design which uses the balanced-cur-
rent cancellation properties of a trans-
mission-line transformer avoids the LC
crossover network switching speed limi-
tation and performs well over the inher-
ent bandwidth of the transmission line
transformer. The circuit shown in Figure
1 is a SPDT RF switch, but many config-
urations are possible!

n the above example the switch band-

width (-3 dB) is from 1 to 250 MHz.
Midband (on) loss is 0.8 dB, midband
isolation (off path) is 35 dB, switching
time is 20 nsec (with a fast bipolar dri-
ver). Component cost in small quantity
is about $20 plus circuit board.

Operation

When the control voltage is positive,
diodes CR3 and CR4 are biased on,
conducting the RF signal output of T1 to
the input of T3 (port B). At that time CR1
and CR2 are reverse biased, isolating
port A. On the negative control voltage
case, the opposite sets of diodes are
biased on and off, directing the RF sig-
nal to port A and isolating port B. Note
that the DC current flow that biases the
active pair of diodes flows through the
bifilar-wound transformer in opposite
directions in two windings. This property
avoids transformer core saturation and
inductance effects on switching time and
RF signal distortion following the switch
transition.

The level shift and bipolar driver circuit
that was used with this switch is shown
in Figure 2. This is one example of
many possible ways to obtain the +2V
control signal from logic-level signals.

Driver Operation

The 82 ohm and 1k ohm resistors
together form a net 75 ohm termination
to facilitate driving from a remote video
drive pulse. The 1N914 diodes are
biased on by the 1k ohm resistor to —12
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Fast RF Switch

CR1

T1

RF COMMON >——£j

U+

T RF PORT A

T2

T3

g——) RF PORT B

STohaL
INPUT ,\_w—au CENTER TAPPED
U g?é;gﬂlﬂﬁ \__ 200 OHM/50 OHM
TRANSFORMERS
NOTES:

-~ TRANSFORMERS ARE MINI-CIRCUITS T4-1
- DIODES ARE SCHOTTKY TYPE 1INS711
= R1 IS 100 OHM, 1/% KW

Figure 1. Schematic of the RF switch.

83% 01 uF |
=

Ty >
o 7
SWITCH DRIVE
SIGNAL <75 OHM)

+12 v
1 uF

g 100
>=—A\—>T0 RF SWITCH
1’ 1K 1 uF
-12 v Iﬁ,
U1 IS A BIPOLAR UOLTAGE FOLLOWER -12 U
NATIONAL SEMICONDUCTOR LHO002CN

Figure 2. Schematic of the switch driver circuit.

V to serve as the level shifting element
to move the +4V / 0V to nominally +2V /
-2V at the voltage foilower to drive the
RF switch. The 0.01 uF capacitor across
the diodes prevents rectification of the
drive pulse by the diodes.

The design presented above flows
from a need to build an IF gain changing
circuit that is stable with time and tem-
perature. It includes two of the RF
switches as described, connected back-
to-back with variable attenuators
between them to achieve two indepen-
dent gain settings with essentially the
same time delay in each path. All of the

above is incorporated as part of the IF
signal processing circuitry of a UHF TV
klystron transmitter system. RF
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RF amplifiers

Development of a Low Cost, Low
Noise GPS Amplifier

By Paul J. Schwab and Joan Williamson
M/A-COM Inc., IC Design Center

Glass Microwave Integrated Circuits
(GMIC) offer a unique combination of
performance and cost advantages over
conventional circuit design and manu-
facturing. Batch processing offers a cost
effective manufacturing approach to
high volume circuit production. These
advantages are utilized in the design of
a low cost, low noise amplifier for GPS
(global positioning system) applications.

new and novel microwave circuit

fabrication technology based on a
well known dielectric (basicaily glass)
has been exploited to produce very
manufacturable, cost effective, and at
the same time, high performance low
noise amplifiers suitable for GPS appli-
cations.

There are a number of technologies
currently available such as Si, GaAs,
and various other hybrid approaches for
manufacturing low noise amplifiers. One
usually finds, though, that when a wide
range of criteria are considered, as is
usually the case in developing a com-
mercial application, each approach car-
ries some penalty and usually there is
only one obvious choice. In the case of
the GPS amplifier that will be described
here, performance, manufacturing, and
cost had approximately equal impor-
tance.

Due to the relatively small antenna
sizes contemplated, (especially for
mobile and hand-held applications), and
the relatively noisy signal conditions,
GPS receiver LNA noise figures of typi-
cally less than 2 dB are desirable. Even

Frequency 1575 MHz
Gain 26 dB (min.)
VSWR 1.5:1 (typ.)
Noise Figure 0.8 dB (typ.)
Current 25mA (max.)
DC Voltage 3.5-6V

P1db +10 dBm
IP3 +20 dbm

0.135"x0.115"x
0.026"

Size (LxWxH)

Table 1. Two stage GPS LNA

this leaves very little margin for the input
filter. Noise figures of close to 1 dB
would be more preferable. This means
the circuit elements need to be very low
loss, and a good quality FET must be
used. Even though MMIC seems to be
an obvious first choice, a 1 dB noise fig-
ure is just below the typical MMIC
foundry capabilities. In addition, the cir-
cuit prices do not come down to accept-
able levels unless the volume is run very
high.

By separating the active components,
more optimal combinations can be
found. After all, it is quite possible to find
very low cost but high performance
commercial FETs on the market. Not as
application specific as a circuit, FETs
are produced in huge quantities quite
economically. Also, since the discrete
technologies are generally a generation
or two ahead of the monolithic technolo-
gies, as far as the active devices are
concerned, the performance of the dis-

crete FET is usually better. This seems
to suggest a hybrid approach which is
notoriously expensive to manufacture
because of extensive assembly require-
ments, high parts count, and associated
reliability problems. The solution is
found in the form of a half-monolithic,
half hybrid GMIC approach, that is, in a
way, the “best of both worlds”. This
technology has been used to design and
manufacture the GPS amplifier to be
described. In addition to having state of
the art gain, noise figure, temperature
stability, linearity and low voltage/current
performance, it is available in a variety
of surface mount packages suitable for
a wide range of applications. Just as
importantly, it can be manufactured cost
effectively such that GPS based con-
sumer electronic applications can cer-
tainly be brought within reach.

A two-stage, single-ended version of
the design is presented, due to its
applicability in the majority of GPS sys-
tems. This amplifier achieves greater
than 26 dB of gain and less than 0.8 dB
of noise figure at 1.575 GHz. It also
exhibits excellent gain and noise figure
characteristics from 800 MHz to 2000
MHz. The performance specifications for
the amplifier are given in Table 1.

GMIC Technology

GMIC circuits are produced utilizing a
batch process similar to that utilized by
the MMIC industry, with the exception
that no active devices are produced on
the circuit (1). All passive components
such as resistors, capacitors, and induc-

Figure 1. Typical GMIC circuit
cross-section with device mount-
ed in via hole.
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Figure 2. Matching and bias circuitry of the GPS LNA.
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tors are defined and processed utilizing
traditional multilayer thin film technolo-
gy. The standard GMIC process con-
sists of an 8 mil thick glass wafer lami-
nated to a highly doped silicon wafer.
The silicon wafer acts as a ground plane
for the microwave signals as well as
ground returns for DC.

The circuit is stepped and repeated on
the wafer such that many circuits can be
batch processed to achieve economies
not realizable in typical hybrid circuits.
The process also allows for air bridge
interconnects which significantly reduce
the need for wire bonds and allows for
the integration of DC bias circuitry on-
board the same substrate. The elimina-
tion of wire bonds increases the yields
of interconnects, reduces RF circuit dis-
continuities, and improves the repeata-
bility of RF performance. Wire bonds are
still used for the integration of active
devices into the GMIC. However, the
number of wirebonds required in a

Figure 3. GMIC circuit layout with
FET assembly and wire bonding.
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Figure 4. Small signal perfor-
mance of the 2-stage GPS LNA .
The insets show the noise figure
of the unit and the performance
of 12 packaged amplifiers.

RF Design

GMIC design is significantly lower than
in a typical hybrid design.

The active devices are mounted within
via holes which are etched into the glass
dielectric and are attached to the under-
lying silicon wafer. The devices can be
loaded into the GMIC using industry
standard automated die placement
machinery while at the wafer level. The
process consists of dispensing epoxy
into each via hole followed by the inser-
tion of the die into the via holes. Special
precautions must be observed during
the placement of the die due to the
close proximity of the walls of the via
hole and the die edges. The assembled
wafer is then wire bonded with an auto-
mated wedge bonder. Each assembled
wafer is then diced and packaged for
testing if required. The wafer can be
designed with RF probe reticles in place
at every circuit site or at designated
probe reticles. Processing the circuits at
the wafer level provides the advantage
of processing many circuits simultane-
ously, gaining the advantages of
economies of scale. However, there is a
tradeoff between the number of RF
probe reticles and the number of circuits
which can be placed on a wafer due to
the real estate taken up by the probe
reticles. A typical example of a GMIC
circuit with devices inserted into via
holes is shown in Figure 1.

A single amplifier takes up 0.135 x
0.105 inches of GMIC real estate. This
reticle is stepped and repeated across
the useable area of a 3 inch wafer. This
results in approximately 350 circuits per
wafer, each of which is DC tested with
an automated probe station and
marked. The active devices are then
inserted only into the circuits which pass
this electrical test. The wafers are then
diced, packaged, and a final test is per-
formed before shipment. Before dicing,
the circuits can be submitted for on-

wafer RF testing if required.

Design

The design goals for this amplifier
were to achieve less than 1 dB of noise
figure and a return loss of better than 10
dB. Also, a gain of greater than 25 dB
was required with the ampilifier being
unconditionally stable. A single ended
approach was taken due to the noise
figure requirement. An Avantek MES-
FET device (ATF-10100) was chosen
for cost and performance considera-
tions, however the design has been
proven with other FETSs.

The design of GMIC circuits can be
accomplished with both lumped and dis-
tributed elements, depending on the
designer’s requirements. For lumped
element designs, an element layout
library exists within customized CAD tool
software in which the designer can
select standard library elements to
accomplish the design. S-parameter
data is available for all the standard
library elements. In many cases, where
the designer requires elements not
included in the library, approximate cir-
cuit models for non-standard elements
are also available. These elements are
useful up to the resonant frequency of
the element and allow the designer to
customize his layout for better real
estate utilization.

The requirement of simultaneous gain
and noise-match present conflicting
design requirements in a single ended
LNA design. Series feedback (2) in the
form of a source inductor was added to
the first stage to bring the optimum
noise figure impedance closer to the
ideal match impedance. The source
inductance also has the effect of
increasing stability, decreasing gain,
and to some degree increasing the
noise figure due to the series resistance
of this inductance. Therefore, there are
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and the new reduced area design which is 40 percent smaller in size.
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RIF product report

Software Revs Up the
RF Design Cycle

By Andy Kellett
Technical Editor

n the past, RF software was a rope
bridge crossing the treacherous, most
calculation-intensive portions of the
path from design inception to full scale
production. Today, some RF software
spans entire portions of the design
cycle, while others provide sturdy and
easy passage across smaller obstacles.

Many manufacturers of RF software
are currently in the process of integrat-
ing schematic capture, circuit analysis
and manufacturing design into single
packages. This change was seen in
recent versions of several well estab-
lished software packages. PSpice, from
MicroSim, was a stand-alone analysis
tool just a few years ago. Now, as part
of the Design Center family, it can be
used in conjunction with schematic cap-
ture, waveform analysis, Monte Carlo
analysis, PCB layout and other tools in a
single seamless package. Similar func-
tions are provided by Intusoft's ICAP/4,
incorporating IsSpice; and Series IV are
from EEsof, which incorporates Touch-
stone and/or Libra. The Hewlett-Packard
RF Design System, first released this
Fall, was born an integrated package.

Other manufacturers are remaining
more focused. Eagleware, while recently
adding a schematic entry option to its
=SUPERSTAR= program, has concen-
trated more on improving speed. “Speed
is something that Eagleware places high
priority on because of what it does to the
user’s productivity,” says Randy Rhea,
president of Eagleware. em from Sonnet
Software is a program devoted to calcu-
lating electrical parameters for 3-d pla-
nar conductors. “As a small company
you have to be highly focused to be
viable. That has been explicit since day
one; we're focused exclusively on elec-
tromagnetic software,” says Sonnet
president James Rautio. According to
Tesoft president Steve Lafferty, TESLA,
his company’s non-linear, time-domain,
block-level simulator, “fills in a missing
link between low-level, non-linear simu-
lators like Spice and the frequency
domain type techniques.”

Where does this software fit into a
designers’s work? Accelerated design
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cycles are making cut-and-try design
methods too slow for many manufactur-
ers. According to EEsof Marketing V.P.,
Tom Reeder, “We work with hundreds of
customers who build the latest cellular
phones and they tell us that they have to
put out a new model every six months.
They are depending on RF simulation
software to do one or two or three
design iterations before they do a real
manufacturing prototype.”

In a similar way, MIC, MMIC and other
circuit designers can reduce the money
spent on shrinking circuits. According to
Sonnet’'s Rautio, “A designer can com-
press the area of a circuit by a factor of
four or more and then iterate the design
on the computer as opposed to going
through fabrication and test. That is an
incredible competitive advantage.”

Again with an eye towards manufac-
turing, RF software models are increas-
ingly realistic, and analysis takes into
account device statistics. Hewlett-
Packard's RF Design System software
libraries are based on actual measure-
ments and include the parasitics of the
pads and materials as part of their mod-
els. An example of this is the HP Murata
SMT Capacitor Library which models
multiple resonances and pad parasitics
to 6 GHz. Monte Carlo and worst case
analysis are part of many packages, and
manufacturing statistics are part of the
device models used in EEsof's Touch-
stone.

The limited scope of early software
was not a result of a narrow vision of the
usefulness of computers. In fact,
according to the Marketing Manager for
Hewlett-Packard’s RF Design Software,
John Hirsekorn, “We have had simula-
tion tools inside H-P since the sixties,
and good ones.” The problem was that
the computers required were enormous-
ly expensive, and even then, were less
powerful than today’s desktop comput-
ers.

The memory and speed available to
engineering workstations, and even
PCs, has made highly integrated and
highly accurate software possible. Work-
stations use reduced instruction sets

and high clock speeds to crank through
calculation intensive applications like RF
simulation. A personal computer
employing a 486 processor overlaps the
performance of low end workstations.

Software makers have not merely
waited for the machines to get faster.
Eagleware’s =SUPERSTAR= v.4 em-
ploys two port analysis, model caching
and other algorithmic methods to pro-
duce virtually real-time linear simulation.
“There is something that happens in the
interaction between the user and the cir-
cuit when the interaction is real time.
You will find the user tuning parts by
tapping the keyboard, and very soon
they are saying, ‘Oh, | see what's going
on.” and that in and of itself may suggest
what to change in the circuit to change
the result.” says Eagleware’s Rhea.

The users of design software are still
requesting more speed, higher accura-
cy, easier use and more synthesis capa-
bilities. Vendors are trying to respond to
these requests and are preparing for
new hardware and operating system
introductions. “lIt seems people buy
more software when they get a new
machine,” says Charles Hymowitz, Vice
President at Intusoft. The HP 700 work
station has been a source of software
sales for several companies recently,
and the release of Intel's Pentium (aka
80586) microprocessor may trigger
more sales in a year or two. Similarly,
several software vendors are waiting for
Windows NT, which will allow much
improved multitasking and interprocess
communication.

Like all tools, software should be
matched to the job. However, the nature
of RF software has changed from a trou-
bleshooting and number crunching tool
to something more general. While not
everyone can afford, or even needs an
integrated design package, everyone
can find software that will bridge the
chasm they need to cross. RF

For reprints of this article, call Cardiff
Publishing Company at (303) 220-0600.
Ask for the circulation department.
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