













































































RF featured technology

Circuits for Wide-band FM
Demodulation

By Alvin Wong and Ali Fotowat
Signetics Company

In applications such as telemetry,
high-speed data transmission, and FM
over fiber-optics, wide-band discrimina-
tors are highly desirable. In such cases,
large frequency deviations are needed
to use the benefits of wide-band FM. For
low distortion demodulation of these
signals, higher final IF frequencies such
as 21.4 MHz or 70 MHz should be used.
These frequencies are generally much
harder to work with than lower IFs such
as 10.7 MHz, or 455 kHz. The circuits
described here use the property that the
sinusoidal output of a bandwidth-limited
IF limiter can be as effective as a square
wave in producing low distortion, wide-
band demodulated signals, when the
sinusoid is effectively clipped by the
demodulator mixer. The complete mathe-
matics of the problem are also derived
with normalized design curves. A For-
tran 77 program is available for comput-
ing demodulator performance.

he circuits presented give stable IF

amplifier gains at 21.4 MHz and 70
MHz, and wideband discriminators for
300 kHz baseband signals, with 600 kHz
frequency deviation and distortion of the
order of 1 percent.

Theory

FM demodulation can normally be
achieved by multiplying two symmetric
square waves with a 90 degree phase
difference at the carrier frequency and
a linear phase relationship around it (see
Figure 1). The required phase shift can
be obtained from an LC resonator, or a
delay line among others. In the case of
an FM demodulator based on an LC
resonator, the resulting phase differ-
ence is:

@o

Quw

where Q = R(C, + C)) w,, and w, = 1/
J L(C, + C). C, is the quad tank capaci-
tor; C, is the capacitor coupling to the
tank, and R is the total effective loading
resistance.

¢ = tan™

(1
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If a delay line is used, the resulting
phase difference will be:

¢ = 5 <w—0> 2

where the time delay is 1 = n/2w,.

In a phase detecting multiplier, the ideal
case is that of two square waves.
Therefore, the low pass filtered output’s
DC level will be linearly proportional to
the phase difference. In reality however,
the waveforms may not be perfect
square waves. For a quad tank, the
phase shifted signal will be sinusoidal
due to the resonator. In cases where the
limiter itself may not have enough
bandwidth to pass the odd numbered
harmonics of the |F, both signals will be
sinusoidal no matter what type of phase
shifting technique is used. The use of a
multiplier like a Gilbert cell which re-
quires a small signal (50-100 mV peak)
to switch hard, will then be equivalent
to multiplying clipped sinusoids in a
perfect multiplier. The multiplier transfer
function will then be:

L

Figure 1. Basic FM demodulator.
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Figure 2. Different wave forms
used in the analysis.
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By making various assumptions for the
shape of the signal Z((2n/T)t), see Figure
2, this integral can be evaluated as
shown below. If a unity peak amplitude
square wave is assumed, the output
DC transfer function of the discriminator
will be:

vDC_, =1 - %fi (4)
Although a sinusoidal wave is the worst
case in practice, it is mathematically
easy to evaluate. For this example we
have assumed an equivalent sinusoid
peak amplitude of 1.

VDC,,, = & (©0s ¢) (5)

More realistic, however, is an effectively
clipped sinusoid which is approximated
by a trapezoidal wave-form of unity peak
amplitude. Then,

(6)

_q_ 8 $ L ¢
VDG, (¢) = 1 3 2nr * 24n5r2

1LC QUAD TANK DISC. 0=24
T T T T T

vOC..out

T
2.96 8.38 1 1.82 1.24
Normolized Freguency

Figure 3. LC quad tank discrimina-
tor 0=20, a) square wave assump-
tion b) trapezoidal wave assump-
tion 2t, = 0.125T c)Trapezoidal
wave assumption 2t = 0.25T7 d)
Sinusoidal wave assumption.
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RF featured technology

Using Current Feedback Amplifiers

By Al Little
Signal Processing Products
Harris Semiconductor

Current feedback amplifiers are becom-
ing increasingly popular for high fre-
quency and RF designs. They are used
like ordinary op amps, yet they offer
higher speed, nearly constant band-
width at increased gains, and a number
of other benefits. This article describes
these benefits as well as the special
features and applications of the Harris
HA-5004, a 100 MHz current feedback
amplifier.

ithough conventional op amps have

been greatly improved over the past
decades, very few are good enough for
accurately processing analog signals
approaching 100 MHz. At these frequen-
cies, the open loop gain (and AC
performance) of op amps usually drops
so low that they are unusable. Even
those that do work at high frequency
often need to be tweaked with external
feedback networks to achieve the best
performance. For applications that need
more than unity gain, even the best high
speed op amps may still fall short due
to the well known gain-bandwidth trade-
off.

To combat this shortcoming, current
feedback amplifiers have now become
widely used. Due to their unique circuit
topology, current feedback amplifiers
side-step the “‘gain-bandwidth’’ tradeoff
of conventional op amps altogether,
delivering nearly equal bandwidth over
a wide range of gains. This feature
makes them ideal for high frequency
applications like video drivers, pulse
amplifiers, radar and IF signal process-
ing.

Figures 1 and 2 illustrate this basic
difference between conventional op
amps and current feedback amplifiers.
Figure 1 shows the frequency response
of a 100 MHz op amp at several closed
loop gains. As shown, the unity gain
bandwidth actually exceeds 100 MHz,
but some undesired gain peaking also
occurs. At higher closed loop gains, the
bandwidth is proportionally lower, such
that at a gain of 10 (20 dB) the amplifier
delivers less than 10 MHz of signal
bandwidth.

By contrast, Figure 2 shows the same
response for the Harris HA-5004, a high
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performance monolithic current feed-
back amplifier. At unity gain, the ampli-
fier also provides a bandwidth of 100
MHz, but without significant gain peak-
ing. At a gain of 10, the HA-5004 rolls
off at only 80 MHz, providing 8 times the
bandwidth of the comparable op amp.

Extended bandwidth is by no means
the only advantage of current feedback
amplifiers. Unlike op amps, current
feedback amplifiers do not exhibit slew
rate limiting. This remarkable property
is illustrated in Figure 3, in which the
large signal response of the HA-5004
looks virtually identical to the small
signal response. With no silew rate
limiting, the output rise time and fall time
remain constant, independent of signal
amplititude. This linear characteristic
transiates to extremely low distortion,
which makes the amplifier ideal for high
fidelity video and RF signal processing
applications.

Current feedback amplifiers achieve
their superior performance by using a
slightly different principle than tradi-
tional op amps. Figures 4a and 4b
illustrate these differences. Inside the
current feedback amplifier, there is a
unity gain buffer from the non-inverting
(+) terminal to the inverting (—) terminal.
The inverting terminal is, by definition,
a low impedance point at all times. Error
currents are sensed at the inverting
input and amplified such that a small
change in input current produces a large
change in output voltage. The ratio of

output voltage delta due to input current
delta is the transimpedance, Z, of the
device. Like voltage gain in a conven-
tional op amp, transimpedance is a
function of frequency.

Steady state currents at the inverting
input are very small because the tran-
simpedance is large (typically 100 V/mA
in the HA-5004). The voltage across the
input terminals is nearly zero (typically
1 mV) due to the small offset voltage of
the buffer amplifier. The ideal properties
of zero input current and zero offset
voltage are also true for current feed-
back amplifiers, and likewise simplify
circuit design and analysis. The re-
sponse to reactive feedback elements,
however, is entirely different than to op
amps due to this difference in structure,
so great care must be used. Fortunately,
current feedback amplifiers often elimi-
nate the need for reactive feedback (like
feed-forward designs to compensate op
amps) in the first place.

Equations 1a through 4a show the
relationships for traditional operational
amplifiers. In equation 2a, as long as the
open loop gain A(s) is much greater than
the ideal closed loop gain G, the transfer
function closely approximates the ideal.
As frequency increases negatively or
as G is increased negatively the overall
bandwidth is limited by the bandwidth
of A(s). These equations demonstrate
why voltage feedback amplifiers must
always trade bandwidth for gain.

In the case of current feedback,
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Figure 1. Frequency response and schematic of a 100 MHz op amp at

several closed loop gains.
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shorter range. Finally, most reported
Part 15 spread spectrum systems are
digital, so they are operated only in the
domain in which reliable digital opera-
tion is obtained. Operation under mar-
ginal conditions, which is more common
in voice radios, is usually not a consid-
eration.

A major consideration for Part 15
spread spectrum systems is the multi-
path environment, especially within build-
ings (8, 9). Within buildings, multipath
propagation causes a pattern of nulls to
be generated when the signal compo-
nents arriving by the various paths arrive
out of phase and nearly cancel. The
spacing between nulls is related to the
wavelength; in the 915 MHz band the
nulls tend to be spaced within 6 to 12
inches of one another. A narrowband
system has a non-negligible probability
of being in a null for a given path. The
wider bandwidth of a spread spectrum
system effectively diffuses the nuils,
reducing their depth. At OCIl, we have
seen that even relatively simple spread
spectrum techniques can provide signifi-
cant improvements in the reliability of
indoor communication relative to nar-
rowband techniques.

The goal of a Part 15 spread spectrum
is to reclaim otherwise wasted spectrum,
providing a benefit to the public which
would not otherwise be as readily avail-
able or affordable. The spread spectrum
attributes of the system are designed to
reduce the likelihood of harmful interfer-
ence to other systems and to allow the
system to withstand the challenges of its
environment at a price the intended
market can afford.

Unfortunately, there has been a ten-
dency, in the less technical press,
toward simplifications of the type
“spread spectrum is interference free”.
In fact, given a time and bandwidth
allocation, there are about

D = 2BT M

degrees of freedom in which to disperse
a spread spectrum signal (6). Thus there
is a limit to the number of fully separable
sighals which can occupy a given time
bandwidth product, and beyond this
there will be interference, even in an
ideal implementation. The spreading
process at the transmitter spreads the
transmitted power, so the power density
(W/Hz) is reduced. Thus there is less
power in any single narrowband chan-
nel, but there is some transmitted power
in more narrowband channels.

The receiver reverses the spreading
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process or ‘‘despreads’’ the signal. The
despreading process actually spreads
signals which are not correlated to the
spreading function, so that narrowband
interferers are spread. The despreader
is followed (at least equivalently) by a
narrowband filter, which passes the
despread signal but rejects the major
portion of the uncorrelated interfering
signal (which was spread rather than
despread). The gain in signal to inter-
ference ratio under these conditions is
often called the processing gain, Gp:

B
< —BE
G, < g @
where B, is the spread RF bandwidth
and B, is the information bandwidth. In
real systems, the inequality always
holds. For ‘‘successful” communication
to occur, the received desired signal
power, P, in dB, must obey

P,>P +J-G, 3)

where P, is the interfering power and J
is the jamming margin, i. e. the required
final signal to interference power re-
quired by the demodulator to operate at
a ‘‘successful’’ level of performance.

A conseqguence of the above equation
and the available bandwidth of 26 MHz
in the 902-928 MHz band is that spread
spectrum processing gain, (which may
be thought of as the spread spectrum
analog of selectivity), wiil be limited
unless the data rate is kept low. For
instance, a 26 kb/s data system would

have at most 30 dB of processing gain.
Such a system would occupy the entire
902-928 MHz band; if it caused or
received harmful interference to or from
a licensed service, there would be little
the operator of the Part 15 system could
do to resolve the problem, except to
cease operating. It may not be in the
best interests of the system designer,
therefore, to rely only on processing
gain to prevent interference. If the
example system were instead designed
with 6 dB lower processing gain, it could
offer the user a choice of 4 sub-bands in
which to operate, providing an additionai
dimension of flexibility for solving inter-
ference problems.

Now Just Add a Radio...

A low cost spread spectrum system
needs a low cost radio as well as low
cost processing. Most of the elements
of low cost 915 MHz radios are readily
available, if a suitable radio architecture
is used. A modulation method and
frequency control scheme which help
control cost should be selected.

The most common modulation
schemes used in spread spectrum appli-
cations are binary phase shift keying
(BPSK) and frequency shift keying.
Binary phase shift keying is the ‘‘classi-
cal’’ approach and provides better rejec-
tion of inband interferers than FSK (at
least in low cost realizations). Its main
weakness is in the carrier recovery loop
if one is used.

FSK helps in low cost realizations,
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Figure 4. An FSK spread spectrum transceiver.
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RF filters

Crystal Delay Equalizers

By William B. Lurie
Consultant

In a previous article (August, 1989), a
method of providing envelope delay
equalization for crystal bandpass filters
was discussed, ending with the design
of a single equalizer section in semi-
lattice form, containing two crystals.
More often than not, the amount of
equalization needed necessitates the
use of more than one ‘‘section’ of
equalizer. In general, these are, over the
narrow band of interest, constant-
impedance devices, and they can be
cascaded with little interaction.

n practice, as was seen in Figure 7 of

my previous article (1), there is a need
to provide additional inductors, beyond
what the basic filter and equalizer
designs actually require. Inductors, in
general, are the least desirable compo-
nents, as compared with crystals and
capacitors, because of their size, dissi-
pation factor, and their temperature
characteristics. A method has been
devised, therefore, for combining a
number of equalizers into a single
section, putting multiple crystals in par-
allel in each of the two branches of the
half-lattice, thereby minimizing the num-
ber of added inductors.

As an example, consider a filter with
a bandwidth of 8 kHz at a center
frequency of 10.7 MHz. A typical 6-pole
fitter would have delay versus frequency
as shown in Figure 1 (A). Assuming that
the delay requirements are such that two
equalizer sections are required, it is
possible using various available pro-
grams to arrive at design constants for
the equalizers. Equation 1 shows the
equalizer transfer function, and in Fig-
ure 1, curves B, C, and D show the
delays of equalizer sections alone and
together. Figure 1 also shows the com-
posite delay of the filter with both
equalizers added (curves E and F,
where the scale for curve F is the axis
to the right, expanded 5 times compared
with E). It is readily seen that the delay
variation without equalizers is 105 mi-
croseconds across the 3 dB passband,
but only 18 microseconds with the
equalizers added.
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What is sought next is a single
all-pass lattice which has the same
transfer function as:

(1)
_ (P PP~ PP ~ PP — P,
2 (pHp)pt Rt pypt+p,) ]

S

where

p, = —2253 + 10698420

p, = —2253 — j10698420
p, = —2252 + j10701580
p, = —2252 -~ j10701580
all in Hertz

Each single equalizer section has two
frequencies at which the transfer phase
is a multiple of 180 degrees (F1 and F2
in Figure 2a), and the combination of two
such equalizers, in cascade or com-
bined, must have four such frequencies
(F3 through F6 in Figure 2b). The
location of these frequencies is not
immediately obvious, but a computer
program has been written to accomplish
this.

A straightforward analysis of the
phase of the transfer functicns of the two
single equalizers, added together, gives
the phase versus frequency of the
combined equalizer. It is a simple task
to examine the phase curve or table,
visually or by computer, to find the
frequencies at which the phase be-
comes all multiples of 90 degrees. in the
example, these were found to be as
shown in the following table.

PHASE FREQUENCY(Hz)
90 10694194
180 10697250
270 10698698
360 10700001
450 10701305
540 10702753
630 10705810

Now, by a process of mathematical
induction; the schematic of the com-
bined half-lattice is as shown in Figure
3, with all element values listed. Note

that the shunt capacitance in the “A”
branch has been arbitrarily set at 4 pF,
and in the “‘B” branch, -4 pF. These
values, knowing the pole and zero
locations of the branch reactances,
uniquely determine all the element val-
ues, simply by using a partial-fraction
expansion (program available, of
course). The scaling of impedance level
to match the filter itself is trivial.

As discussed for the single-section
equalizer, the negative capacitance is
swamped and made positive by the
“‘borrowing”’ of capacitance from
sources external to the lattice (1). The
process of combining equalization prop-
erties of several sections into one sec-
tion does serve to lower the number of
inductors and capacitors as well, but it
is not entirely without penalty. Although
quartz crystals have stability and Q far
better than coils, capacitors, or combi-
nations of both, they suffer nevertheless
from certain practical limitations. Their
motional inductance or capacitance can
only be obtained in a rather narrow
range of values. The setting tolerance,
at 10.7 MHz, is of the order of + 100 Hz,
and the motional parameters, in practi-
cal manufacturing terms, can only be
held to about 2 percent. None of these
factors is any more serious for the
combined equalizer than for the individ-
ual sections, but it is more difficult, with
fewer adjustments possible, to tune up
or align a more complex section than
two simpler ones. It is beyond the scope
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Figure 1. Crystal bandpass filter
with and without equalizers.
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