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SYSTEM AND METHOD FOR DESIGNING
AND USING ANALOG CIRCUITS
OPERATING IN THE MODULATION
DOMAIN

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application is related to concurrently filed,
co-pending, and commonly assigned U.S. patent application
Ser. No. 10/328,298, filed Dec. 23, 2002, entitled “SYS-
TEMS AND METHODS FOR CORRECTING GAIN
ERROR DUE TO TRANSITION DENSITY VARIATION
IN CLOCK RECOVERY SYSTEMS”; U.S. patent applica-
tion Ser. No. 10/328,363, filed Dec. 23, 2002, entitled
“PHASE LOCKED LOOP DEMODULATOR AND
DEMODULATION METHOD USING FEED-FORWARD
TRACKING ERROR COMPENSATION”; and U.S. patent
application Ser. No. 10/328,358, filed Dec. 23, 2003, entitled
“SYSTEMS AND METHODS FOR CORRECTING
PHASE LOCKED LOOP TRACKING ERROR USING
FEED-FORWARD PHASE MODULATION”, the disclo-
sures of which are hereby incorporated herein by reference.

TECHNICAL FIELD

This invention relates to analog computation circuits and
more particularly to circuits and methods for designing and
using analog circuits operating in the modulation domain.

BACKGROUND

Instrumentation systems sometimes require the genera-
tion of a time-varying signal that is the ratio of two other
signals. This may be accomplished either with an analog
divider computation circuit or it may be done by digitizing
the two input signals and using numerical computation,
commonly known as Digital Signal Processing (DSP). Digi-
tal techniques are limited to relatively low frequencies
because of the intense computation load placed on the
processor. Analog division can potentially have greater
bandwidth, but is difficult to implement using conventional
techniques.

A commonly used circuit and method to perform the
division using logarithms is shown in FIG. 5. This circuit is
based on the mathematical property that the logarithm of a
quotient is equal to the difference of the logarithms of the
dividend and divisor.

As shown in FIG. 5, input signals n(t) and d(t) to circuit
50 are conditioned by passing each of them through loga-
rithm function blocks 501 and 502 respectively. The loga-
rithms of the input signals are subtracted by block 503 and
the result is sent to anti-logarithm (exponentiation) block
504. The accuracy of nonlinear circuit 50 depends upon how
accurately the logarithmic (501, 502) and antilogarithmic
(504) functions are realized. If the signals involved have
wide dynamic range, then the transistors within the calcu-
lation blocks must operate over a wide range of currents.
This increases the difficulty of achieving accurate nonlinear
functions. Also, when the current is small, bandwidth tends
to suffer. The design equations for this type of circuit are all
highly temperature dependent, making drift a problem. It is
also difficult to obtain a low noise floor using analog circuits
as described.
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Another commonly used circuit and method is to use a
multiplier, such as multiplier 602, in a feedback path of a
servo loop, as shown in FIG. 6 circuit 60. This has the effect
of using a multiplier to obtain division when its output is fed
into subtractor 601. Such a circuit is an inverse multiplier
analog divider. Multiplier 602 is commonly constructed as a
Gilbert multiplier. There are two main practical difficulties
with this circuit. First the divider accuracy can be no better
than the accuracy of the multiplier. Although a Gilbert
multiplier is somewhat easier to build than the logarithmic
circuits of FIG. 5, it still has problems with linearity,
dynamic range, and noise. Second, the accuracy of the
circuit is also affected by errors in the servo loop. Impair-
ments in servo amplifier 603 can cause loop tracking errors,
denoted € in FIG. 6. Also, the loop gain varies depending on
the characteristics of the signals being divided. This makes
loop design difficult and loop dynamics unpredictable.

FIG. 7 shows Armstrong phase modulator 70 where sine
wave carrier generator 701 drives multiplier 703 via ampli-
fier 705 (gain —1) which is being used as a double side band
suppressed carrier (DSB-SC) (balanced) modulator. A DSB-
SC signal is the same as a conventional amplitude modula-
tion signal, except that the carrier is suppressed. Modulation
input port 710 drives the other input of multiplier 703. The
output of multiplier 703 is a DSB-SC signal. The DSB-SC
signal drives one input of adder 704. The other input to the
adder is the carrier signal shifted 90° by shifter 702. Output
711 of adder 704 is a phase-modulated signal. The modu-
lation index is proportional to the ratio of the amplitude of
the DSB-SC signal to the injected carrier amplitude. Modu-
lation index is defined as the peak phase deviation in radians.

For proper operation, the maximum modulation index
must be within the “small angle approximation” regime,
where phase modulation can be considered a linear process.
This is also known as narrow band phase modulation
(NBPM). In general, phase modulation (a member of the
angle modulation family) is a non-linear process. The modu-
lation index limit for NBPM is approximately 0.5, depend-
ing on the amount of modulation error that can be tolerated.
For example, if the modulation index is limited to 0.45, then
the harmonic distortion for tone modulation is less than 5%.

BRIEF SUMMARY

The present invention is directed to a system and method
for performing analog division in the modulation domain. In
one embodiment of the invention, a sine wave carrier is
modulated by one of the input signals and a cosine wave
carrier is modulated by the other of the input signals. These
modulated signals are added together with the result being a
modulated signal having a phase modulation index propor-
tional to the ratio of the amplitudes of the first and the second
input signals. This signal is then phase demodulated. The
resulting baseband signal is proportional to the ratio of said
first to said second signals.

The foregoing has outlined rather broadly the features and
technical advantages of the present invention in order that
the detailed description of the invention that follows may be
better understood. Additional features and advantages of the
invention will be described hereinafter which form the
subject of the claims of the invention. It should be appre-
ciated by those skilled in the art that the conception and
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specific embodiment disclosed may be readily utilized as a
basis for modifying or designing other structures for carry-
ing out the same purposes of the present invention. It should
also be realized by those skilled in the art that such equiva-
lent constructions do not depart from the spirit and scope of
the invention as set forth in the appended claims. The novel
features which are believed to be characteristic of the
invention, both as to its organization and method of
operation, together with further objects and advantages will
be better understood from the following description when
considered in connection with the accompanying figures. It
is to be expressly understood, however, that each of the
figures is provided for the purpose of illustration and
description only and is not intended as a definition of the
limits of the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present
invention, reference is now made to the following descrip-
tions taken in conjunction with the accompanying drawing,
in which:

FIG. 1 shows one embodiment of a modulation domain
analog divider;

FIG. 2 shows one alternative embodiment using I/Q
modulation;

FIG. 3 shows one alternative embodiment using a generic
vector modulator with cartesian inputs;

FIGS. 4A, 4B and 4C show alternative circuit arrange-
ments where the output or an input operates in the modu-
lation domain;

FIG. 5 shows a prior art logarithmic analog divider,

FIG. 6 shows a prior art inverse multiplier analog divider;
and

FIG. 7 shows a prior art Armstrong phase modulator.

DETAILED DESCRIPTION OF THE
INVENTION

Circuit 10, shown in FIG. 1, shows one embodiment in
which an Armstrong phase modulator, such as Armstrong
phase modulator 70 (shown in FIG. 7 and discussed above),
is modified so as to break out the carrier injection path
between 90° phase shifter 702 and adder 704. An amplitude
modulator, for example, multiplier 101, is inserted in this
path. Divisor signal d(t) drives the modulation port of
amplitude modulator 101. Amplitude modulator 101 con-
trols the amount of carrier signal injected into adder 704.
Meanwhile, dividend input signal n(t) drives modulation
port 710 of the DSB-SC modulator. The DSB-SC carrier
signal out of the DSB-SC modulator (as discussed above) is
combined in adder 704 with the injected amplitude modu-
lated carrier signal from circuit 101, to produce a phase-
modulated signal at output 110 of the modified Armstrong
phase modulator. The phase modulation index of this signal
is proportional to the ratio of the dividend signal to the
divisor signal. Thus, a division of the dividend signal by the
divisor signal has taken place in the modulation domain.

The signal at the output of the modified Armstrong phase
modulator is also amplitude modulated by the divisor signal.
This is unlike a normally operating conventional Armstrong
phase modulator, which has no amplitude modulation of the
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output. Limiter 102 strips off this incidental amplitude
modulation without affecting the phase modulation. The
output of limiter 102 drives a phase demodulator consisting
of multiplier 104 followed by low pass filter 105. The other
port of multiplier 104 is driven (via amplifier 103 having a
gain of -2) from carrier source 701. Low pass filter 105
rejects spurious signals near the second harmonic of the
carrier. Output 111 of low pass filter 105 consists of the
recovered modulation; in other words, the desired quotient
as a baseband signal.

The equivalent constraint to the modulation index of less
than % in the conventional Armstrong modulator in this case
is that the quotient be less than ¥%. It is to be understood that
in cases where a quotient larger than % would result from a
given set of input signals, the dividend signal can be
attenuated (or the divisor increased) by an appropriate factor
before being processed and amplified (attenuated) by the
same factor after processing. These adjustments could be
made within circuit 703 (and/or circuit 101) or could be
external thereto.

It should be understood that multipliers 703, 101, and 104
are shown for illustrative purposes only and that the DSB-
SC modulator, amplitude modulator, and phase demodulator
can each be implemented in many ways other than as a
multiplier. In the preferred embodiment, this function would
be implemented by frequency mixers, using switches and
passive components. Further, it should be understood that
there may be many implementations of the Armstrong
modulator known to those skilled in the art, any of which can
be used, assuming that they are amenable to the concepts
discussed above. Also, amplitude modulation can be accom-
plished by voltage controlled attenuation or amplification, if
desired. It should be understood that limiter 102 may not be
necessary if the phase detector is either inherently insensi-
tive to amplitude modulation or performs a limiting function
in conjunction with demodulation. For example, if multi-
plier 104 were actually inherently insensitive to amplitude
modulation, the circuit would not require limiter 102.

In circuit 10 the combination of the two multipliers (703,
101) adder 704, and 90° phase shifter 702 constitute what is
commonly referred to as an “I/Q modulator,” which is a
vector modulator with inputs in cartesian format. The axes
are labeled “I” and “Q” meaning in-phase and quadrature.

FIG. 2 shows an alternate description of FIG. 1 showing
I/Q modulator 20, where the dividend input is sent to Q input
21 and the divisor input is sent to I input 22. The carrier
source input goes LO to, input 23. This circuit functions as
discussed with respect to FIG. 1. Note that while not shown,
the phase shifted signal could also be externally applied.

FIG. 3 shows generic I/Q modulator 30 and the concepts
discussed herein can be employed using implementations of
any form of cartesian vector modulation, regardless of how
they are internally constructed. The dividend input is the Q
input and goes to terminal 31 while the divisor input is the
Iinput and goes to terminal 32. The carrier source input goes
to LO terminal 33. Again, this circuit functions as discussed
above with respect to FIG. 1. Furthermore, the limiter/phase
demodulator could have any implementation, not confined
to the multiplier configuration shown. For example, a fre-
quency discriminator followed by an integrator would work.



US 6,765,519 B2

5

Also, the I and Q inputs to the vector modulator can be
interchanged, although this may require inserting a 90°
phase shift into the LO connection to the demodulator.

Although the discussion has focused on baseband input
and output signals being processed in the modulation
domain, it is to be understood that it is also possible to
convert any or all ports to modulation domain ports as
shown in FIG. 4A, where the quotient output is taken out in
the phase modulation domain by by-passing the phase
demodulator, e.g., multiplier 104 of FIG. 2. In FIG. 4B, the
divisor input is taken in from the amplitude modulation
domain by by-passing the amplitude modulator, e.g., mul-
tiplier 101 of FIG. 2, and inputting the devisor input (in the
modulation domain) into a phase shifter, e.g., phase shifter
702. In FIG. 4C, the dividend input is taken in from the
phase modulation domain, by-passing the multiplier, e.g.,
multiplier 703 of FIG. 2, and using, for the carrier input to
the adder, e.g. adder 704, a sine wave that is phase modu-
lated by the dividend signal.

Although the present invention and its advantages have
been described in detail, it should be understood that various
changes, substitutions and alterations can be made herein
without departing from the spirit and scope of the invention
as defined by the appended claims. Moreover, the scope of
the present application is not intended to be limited to the
particular embodiments of the process, machine,
manufacture, composition of matter, means, methods and
steps described in the specification. As one of ordinary skill
in the art will readily appreciate from the disclosure of the
present invention, processes, machines, manufacture, com-
positions of matter, means, methods, or steps, presently
existing or later to be developed that perform substantially
the same function or achieve substantially the same result as
the corresponding embodiments described herein may be
utilized according to the present invention. Accordingly, the
appended claims are intended to include within their scope
such processes, machines, manufacture, compositions of
matter, means, methods, or steps.

What is claimed is:

1. A circuit for providing an output signal that is the ratio
of two input signals, said circuit comprising:

means for receiving a divisor input signal and a dividend

input signal; and

means for providing a quotient signal having a phase

modulation index proportional to the ratio of said
dividend input signal to said divisor input signal.

2. The circuit of claim 1 further comprising:

means for phase demodulating said quotient signal to

provide an output signal as a baseband signal.

3. The circuit of claim 2 wherein said providing means is
an Armstrong phase modulator modified to have its modu-
lation sensitivity controllable.

4. The circuit of claim 2 wherein said quotient signal may
include amplitude modulation and wherein said circuit fur-
ther includes:

means for removing any said amplitude modulation from

said quotient signal.

5. The circuit of claim 4 wherein said removing means is
a limiter inserted ahead of said phase demodulating means.

6. The circuit of claim 1 wherein said providing means
includes a vector modulator having cartesian inputs.
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7. The circuit of claim 1 wherein said providing means
includes an I/Q modulator where the Q input receives the
dividend input signal and wherein the I input receives the
divisor input and the LO input receives a carrier source
input.

8. The circuit of claim 1 wherein said providing means
includes an I/Q modulator where the I input receives the
dividend input signal and wherein the Q input receives the
divisor input and the LO input receives a carrier source
input.

9. The circuit of claim 2 wherein said phase demodulating
means receives as one input said quotient signal and receives
as a second input a non-phase shifted amplified carrier
signal.

10. The circuit of claim 9 wherein said phase demodulator
means is a multiplier.

11. The circuit of claim 10 wherein an output signal of
said multiplier is low pass filtered.

12. A circuit for dividing a first analog signal by a second
analog signal, said circuit comprising:

a double side band suppressed carrier modulator for
accepting said first analog signal and for accepting a
sine wave carrier signal;

an amplitude modulator for accepting said second analog
signal and for accepting a phase shifted carrier signal;

an adder for combining the outputs of said double side
band suppressed carrier modulator and said amplitude
modulator; and

a phase demodulator for accepting said carrier signal and
for accepting the output of said adder, said phase
demodulator providing, as an output, a signal which is
said first signal divided by said second signal.

13. The circuit of claim 12 wherein at least one of said
double side band suppressed carrier modulator, said ampli-
tude modulator and said phase modulator is a multiplier
circuit.

14. The circuit of claim 12 further including:

a limiter for accepting the output from said adder prior to

said output being supplied to said phase modulator.

15. A circuit for processing input signals, said circuit
comprising:

a first multiplier having one input for accepting one of
said input signals and a second input for accepting a
sine wave carrier signal;

a second multiplier having one input for accepting a
second one of said input signals and a second input for
accepting a signal which has been phase shifted from
said sine wave carrier;

an adder for adding the outputs of said multipliers to
provide an added output signal; and

a third multiplier having one input for accepting said
added output signal, a second input for accepting said
sine wave carrier signal so as to provide an output
signal which is the quotient of said first signal divided
by said second signal.

16. The circuit of claim 15 further comprising:

a limiter for stripping off at least a portion of the ampli-
tude modulation of said added output signal.

17. An analog divider circuit, comprising:

a first input line for receiving a first analog signal;

a second input line for receiving a second analog signal;
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a first amplitude modulator for amplitude modulating a
first carrier signal by said first analog signal;

a second amplitude modulator for amplitude modulating
a second carrier signal by said second analog signal,
wherein said second carrier signal is out-of-phase rela-
tive to said first carrier signal by ninety degrees;

an adder for adding output signals from said first ampli-
tude modulator and said second amplitude modulator;
and

a phase demodulator for demodulating an output signal
from said adder to generate an analog quotient signal
with an amplitude that is a ratio of amplitudes of said
first analog signal and said second analog signal.

18. The analog divider of claim 17 further comprising:

a limiter disposed between said adder and said phase
demodulator.
19. The analog divider of claim 17 further comprising:

a low pass filter for filtering said analog quotient signal.

20. A method of operating a divider circuit, comprising:

receiving first and second analog signals;

amplitude modulating first and second carrier signals, that
are ninety degrees out-of-phase, respectively by said
first and second analog signals;

combining said first and second amplitude modulated
carrier signals to generate a phase modulated combined
signal; and

phase demodulating said phase modulated combined sig-
nal to generate a quotient signal with an amplitude that
is a ratio of amplitudes of said first and second analog
signals.
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21. The method of claim 20 further comprising:

filtering said quotient signal.
22. The method of claim 20 further comprising:

limiting said phase modulated first carrier signal after
performing said combining.
23. An analog divider circuit, comprising:

a vector modulator receiving first and second input
signals, wherein said vector modulator is operable to
perform phase modulation using said first and second
input signals to generate a modulation domain signal
with a modulation index that is proportional to a ratio
of said first and second input signals; and

a phase demodulator coupled to said vector modulator to
receive said modulation domain signal, wherein said
phase demodulator generates a quotient signal with an
amplitude that is a ratio of amplitudes of said first and
second analog signals.

24. The analog divider circuit of claim 23, wherein said
vector modulator amplitude modulates a carrier signal by
said first signal to generate a third signal, amplitude modu-
lates said carrier signal by said second signal to generate a
fourth signal, phase-shifts said fourth signal, and adds said
third signal to said phase-shifted fourth signal.

25. The analog divider circuit of claim 23 further com-
prising:

a low pass filter for rejecting spurious signals near a

second harmonic of said carrier.
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