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by short, periodic bursts of RF energy. There is, however, suf

ficient information provided to extend the analysis to virtually any
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The problem is solved by developing an equivalent circuit for
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mathematical analysis of the equivalent circuit provides a second

method of determining the detector response and serves, also, to
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the results that would be obtained from a mathematical analysis, or

from a real system.
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SHORT-PULSED OPERATION OF THE BALANCED DETECTOR

INTRODUCTION

The problem of what can be expected from the pulsed opera

tion of a detector has been attacked on more than a single front. So

far as it is known to this author, the efforts have been unsuccessful

and ultimately abandoned. The problem is usually resolved by the

set-up and measure technique. This thesis contains a successful

exploration of the problem and seeks to provide a well tempered un

derstanding of the operation of the balanced detector and a famil

iarity with the application of pulsed operation.

The balanced detector is also known as the balanced mixer,

balanced modulator, RF head, and various other terms common to

the vernacular of the engineer. The circuit referred to in this paper

is defined to be a balanced detector.

To set the stage and provide a coherence in the development,

an abbreviated discussion of information parameters and detectors is

presented. The final discussion will be concerned with the time

parameter, or pulsed operation, and will lead into the introduction

of the balanced detector. The remainder of the paper is devoted to

the investigation and analysis of the balanced detector.

The investigation consists of a verbalized and diagramatic



description of the pulsed operation of the detector. The results are

the development of a functionally equivalent circuit and qualitative

look at a simple case before going into the analysis.

The analysis is concerned with a mathematical description of

the equivalent circuit. The application of the mathematics to certain

cases provides a correlation with the ideas presented in the investi

gation.



A REVIEW OF THE BASIC DETECTORS

The purpose of a detector is to extract the information con

tained in one or more characteristics of the input signal. Typical

forms of characteristic variations, or modulation, are amplitude,

frequency, phase, time, and combinations of these basic forms.

Various detectors can be designed to sense one or more forms of

modulation and supply the information in the output signal.

The amplitude, or envelope, detector shown in Figure 1 is the

simplest and most easily understood of the detectors. This circuit

is a rectifier that produces an output voltage proportional to the

amplitude of the input signal, assuming an ideal diode. The purpose

of the capacitor is to filter the high frequency ripple and is chosen

such that the time constant R C is short with respect to the period
L L

of the highest modulation frequency. Changes in the frequency or

phase of the input signal are not reflected in the output since there

are no frequency sensitive components in the circuit. Thus, the

detector recognizes only changes in amplitude.

It should, perhaps, be pointed out that there is a subtle dif

ference in the use of the words amplitude and envelope in this paper.

Amplitude is generally used for the peak value of a continuous, high

frequency signal. However, when this peak value varies with time,

i. e. , when the amplitude is not constant, the word envelope is used.
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A frequency detector is shown in Figure 2. In this detector,

the input signal is applied to a tuned circuit just off its resonant

frequency. As the frequency changes the voltage developed across

the tuned circuit changes, causing an effective amplitude modulation.

The amplitude modulated signal is then applied to an amplitude

detector producing an output voltage as a function of frequency. This

detector, however, will also respond to changes in amplitude, and

in order to preclude undesirable ambiquities that will result from

changes in amplitude, a limiter can be used on the input port.

Figure 3 is an example of a phase detector. In order to detect

changes in phase, a phase reference must be provided. The voltage

applied to the diode in this circuit is the phasor sum of the input

signal and the phase reference. As the phase of the input signal

changes, the amplitude of the resultant also changes. Here again,

effective amplitude modulation is produced by phase variations.

Amplitude changes in the input signal will be reflected in the output

unless measures are taken to ensure that the input amplitude remains

constant.
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TIME-PARAMETER DETECTION

Ideal diodes were assumed for the amplitude, frequency, and

phase detectors of the preceding section. Time-parameter detection,

however, requires the characteristics of a real diode.

The assumptions of ideal were that the diode had a very large

resistance for all negative voltages and a small resistance for posi

tive voltages. The deviation of the real diode from the ideal is that

forward conduction does not begin at zero voltage but requires a

positive voltage, typically on the order of a few hundred millivolts,

before the forward conduction becomes significant. A comparison

of an ideal and a real diode is shown in Figure 4. It is apparent

from these curves that detection of low level signals will be extremely

poor.

While it is possible to improve the detection of low level signal

by amplification prior to detection, in many cases this is impractical

because it imposes the requirement for a high frequency amplifier.

Another and more practical method is to bias the diode at the knee of

the curve, then the low level signal will have no difficulty swinging

the diode into forward conduction. Another way of improving low

level detection can be seen in the phase detector. Here the diode is

swung into forward conduction by the reference signal for part of

the cycle and detection occurs for all signals above the noise level.
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The requirement for a biasing signal for low level detection

provides a practical method of accomplishing time discrimination.

That is, with no bias present there is effectively no detection; and

with a bias, detection is obtained. This then supplies a means of

turning the detector on or off at will. An illustration of turning a

detector on and off by using an auxiliary biasing signal is shown in

Figure 5. In this circuit, the input is a CW signal whose amplitude

is not large enough to cause forward conduction of the diode. The

biasing signal is a voltage pulse with an amplitude just large enough

to reach the knee of the diode curve. Consequently, neither signal

can cause a response in the diode, but when both are applied there

is sufficient amplitude to overcome the knee of the diode and generate

an output signal. Thus, the input signal can cause an output response

only when the auxiliary biasing signal is present.



m

v

o—

input

O—

+

v.
in

" + v

~UUUJ—

Reference

T
V

TTS
Hill

\>

Figure 5. A pulse-operated detector.

il



12

THE DELAY FUNCTION

Equipped now with a tool that provides a time discrimination

capability, it is advantageous to further exploit its potential use.

The system shown in Figure 6 will facilitate this investigation.

In this system, neither the input or biasing signal has suffi

cient amplitude to cause forward conduction of the diode. The bias

ing signal is a burst of RF signal and is termed the time reference,

or just reference, for reasons that will soon become apparent. The

input signal is also a burst of RF signal having the same pulse-width,

frequency, and phase as the time reference. The two signals, how

ever, are not necessarily coincident. That is, the input pulse can

occur at any time with respect to the time of occurrence of the

reference. If a portion of the input pulse happens to extend into the

time of the reference pulse, there will be a signal out of the detector.

If, however, the input pulse has terminated before the beginning of

the time-reference pulse, or if the reference pulse terminates before

the arrival of the input pulse, there will be no signal out of the de

tector. Thus, there is no output when the input signal and the time-

reference signal differ in time by more than a pulse-width. The

remaining characteristic to be determined is the response of the

system when the times of occurrence of the two signals differ by less

than a pulse-width.
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Figure 6. A system using time parameter detection.
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Before continuing, it is necessary to define the terms and

parameter which will be used to describe the operation of the system

so that no confusion or ambiquities will arise in the course of the

discussion that follows.

The pulse width is denoted by T , and the repetition period by
w

T . The time separation of the input and reference signal is termed

the delay and is denoted by "d". The delay is defined to be positive

for the input signal arriving early, or before the reference signal;

the delay is then negative for the input arriving late, or after the

reference signal. Both the input and reference signals are taken as

rectangular to simplify the initial discussion.

As the input signal arrives at different times during the time

of the reference pulse (the delay changes), the signal out of the de

tector (v ) will change in shape; the waveform of v must then con

tain information about the delay. It is possible to extract one of the

characteristics to carry the delay information. The most practical

characteristics, but not the only one, that can be chosen to carry

the delay information is the amplitude of the fundamental frequency

component in the waveform out of the detector. This component con

tains delay information since a changing delay will change the wave

form of the signal out of the detector, and the change in the waveform

will cause a change in the amplitude of the fundamental component.

To extract only the fundamental component, there is a
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narrow-band (IF) amplifier following the detector in the system of

Figure 6. The center frequency of the amplifier is set at the pulse

repetition frequency (co ) which is the frequency of the fundamental

component in the signal out of the detector (v ). The signal out of the

IF amplifier is v (t, d) = V sin(w t). The amplitude of the signal

(V ) is then proportional to the amplitude of the fundamental fre

quency component in v .

V is now the only parameter in the signal out of the system,

v (t, d), that will change with delay or contain delay information. The

relation between V and delay is the primary goal in this analysis and

is termed the delay function f(d), i. e. ,

V = f(d) - delay function.

The absolute magnitude of the delay function contains no infor

mation pertinent to delay. The value is in the relative changes in

the amplitude of f(d) as the delay changes. Thus, plots of the delay

function are viewed qualitatively on the vertical axis, while the hori

zontal, or delay, axis is still quantitative.

The system of Figure 6 behaves in a manner similar to a

digital logic "and" gate in that there is an output only when both the

input and reference signals are present. Therefore, the output will

be zero for delays greater than the pulse width, and the investigation

is limited to delays between - T and + T .
w w
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As the delay varies within the pulse period, the output will be

rectangular with its width changing with delay. Referring to Figure

7, it is shown that the output pulse width is symmetrical with delay.

The delay function, or the fundamental frequency component,

is derived from Fourier analysis of a rectangular pulse having a

width of T - Id I and a repetition period of T , i. e. ,
w ' ' c r p

/-a 2irt/T

f(d)

P^ - ir • 2lTaat - K sin

where a = ( T -Id |)/2
w II'

|d | < T
w

Id | > T
w

The delay function reaches a maximum for d = 0 which gives

f(0) = sin (it T /T )~ i T /t , since T << T . The curve is then
w p w p w p

effectively linear bet-ween its maximum value and the point at which

it is zero (d - T ). The delay function is plotted in Figure 7-d.
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THE BALANCED DETECTOR

In any detector it is desirable to have a linear response be

tween changes in the information parameter and changes in the output

signal. For a reference signal large enough to extend into the linear

portion of the diode curve the addition of a small input signal will

generate a proportional, or linear, change in the output signal.

Thus, a linear relation is obtained between input and output ampli

tudes.

A definite problem created by driving the diode into its linear

range is that the reference signal will then be responsible for a

large portion of the output signal. The consequence is that the

dynamic range of any practical amplifier will be reached before any

significant amount of amplication can be accomplished. This problem

is solved with the introduction of the balanced detector which provides

a rejection of the reference signal while maintaining the same re

sponse to the input signal. The operation of this circuit is shown in

Figure 8.

This circuit is in effect composed of two amplitude detectors

feeding a common load. The amplitude of the voltage applied to the

first detector (v ) is the phasor sum of the reference and half the
cl

input signal; and for the other detector, the amplitude of the applied

voltage (v ) is the phasor difference. With no input signal, v will
V 3.
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charge the load during the positive half cycle, and during the nega

tive half cycle, v will discharge it. The output voltage will approach

the net difference between the amplitudes of v and v , or zero.
a b

With the addition of a small input signal the amplitude of v is in-
a

creased by the in-phase component of the input signal while the ampli

tude of vfe is decreased an equal amount. The output approaches the

net difference of the two which is,

V2 ~ lVa v.

|v1 | cos <b

lVl
1 r ' 2

cos <b) - ( |v cos cb)

(Iv1l<< |vr|).

(The absolute value signs are used to indicate the amplitude of

the signal. ) The result is that the reference signal cancels out and

contributes nothing to the output signal. Thus, the output signal is

generated by the input signal alone, and, consequently, a consider

able amount of gain can be employed in the IF amplifier before the

dynamic range becomes a limiting factor.
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AN EQUIVALENT CIRCUIT FOR THE BALANCED DETECTOR

It is desirable to be able to extend the analysis of the balanced

detector to cases where the envelope of the input and reference sig

nals are not rectangular. These cases are best handled by an equi

valent circuit rather than a straight-forward analysis of the actual

circuit. Consequently, the development of the equivalent circuit is

taken up now. For convenience, the input signal will be considered

to maintain a constant amplitude and an in-phase relation with the

reference. The steps in the evolution of the equivalent circuit are

shown in Figure 9» and explained below.

The output signal (v ) of the detector contains no contribution

from the reference signal, since it is cancelled out in the balanced

detector. The purpose of the reference signal is to provide a phase

and time reference for the input signal and to control the transfer

characteristic of the detector. If the amplitude of the reference is

large the amplitude of the output is almost the same as the amplitude

of the input. If the amplitude of the reference is small there is ef

fectively no output even when an input is present. In the equivalent

circuit the transfer character is controlled by the transfer inpedance

The use of the term impedance in this application tends to
contribute to its corruption, but since no suitable substitute exists,
and because impedance has connotations far beyond its definition,
it will be used here.
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Figure 9. The evolution of the equivalent circuit for the balanced
detector.
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R(t). When R(t) is very small with respect to R , the amplitude of

the output is almost the same as the amplitude of the input. When

R(t) is very large with respect to R there is no output even when
L

the input is present. It is then apparent that there exists a relation

between V in the actual circuit and R(t) in the equivalent circuit,
r

The quantitative relation is developed later, but for the rectangular

case it is sufficient to say that when there is a reference, R(t)<<R ,
L

and when the reference is off, R(t)»R
L

For rectangular reference pulses, R(t) could have been repre

sented by a switch and a resistor. However, in the case of a non-

rectangular reference pulse, the transfer impedance will no longer

have a digital, or switch-like, nature, but will acquire a behavior

which is a continuous function of V . For the analysis of non-
r

rectangular pulse, which is taken up later, R(t) is introduced now as

a resistor.

It is noted in Figure 9 that v. is not the entire input signal but

only its envelope, i. e. , v. - v, sincjt. Taking such a liberty is
ml

justified since, by the initially stated conditions, phase is of no con

cern. If there is any difficulty accepting this idea, v can be con

sidered as the output of an ideal amplitude detector which precedes

the equivalent circuit.
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The effect of the capacitor at the detector output has been ne

glected in the discussions thus far. However, a. closer look at the

operation of the circuit shows that it has an effect which can be used

to a substantial advs^'aat. Figure 10 illustrates the influence of the

capacitor on the circur.

Consider the case where the input signal arrives slightly late

so that it is still present when the reference pulse terminates. First

the reference signal arrives, and R(t) becomes small. Next the

input signal arrives and charges the load capacitor. The output then

remains constant until the reference pulse terminates and R(t) be

comes very large. The capacitor is now charged to its maximum

voltage with its only discharge path being through R . The output

will then decay at a rate determined by the time constant R C ,

which is substantially greater than the charging time constant.

It is evident: that a substantia] increase in the fundamental fre

quency component of v can be achieved by increasing the time con

stant. The total fundamental component will be the phasor sum of

the component from the pulse and the component, from the decay.

In fact, for a sufficiently long time-constant the contribution from

the pulse will be insignificant compared to that in the decay of the
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waveform.
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output provided the pulse width is short with respect to the repetition

period. The optimum time-constant is determined by considering

the output to be composed of only the discharging portion of the signal.

An analysis shown in Figure 11 yields an optimum time-constant

(T ) of T = T /Z. 87.
c c p

It should be noted that the charging rate of the output is a func

tion of the capacitor and chat the amplitude which the output ap

proaches during the charging time is proportional to R /[R + R(t)l.
L L

Thus, in realizing the desired time constant the best operation is

obtained by choosing R large, within the limits of practicality, so
L

as to increase the amplitude of the output signal and, also, to be

able to select a small capacitor to achieve a rapid response during

the active period. With the resulting increase in the fundamental

component of v supplied by the improved time-constant, the ampli

tude of the delay information can be maintained while substantially

reducing the amplification following detection.
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T _[i/T +j£l]t
k r p ' c J T— \ e p dt
p J0

K(l - e •TO,
T0 + j2„

Maximizing |A(w ) | with respect to T yields:

H T 2 2 "3/2|A(wq)| =K[(l-e" o)(to +4rr ) (-TQ)
dT

(Tn2+4lT2)-l/2(e-T0)] =0

. e 0 =

T (1 - e~T0)
0

2 2
or eT° =TQ2 +TQ +4tt

A numerical solution yields: T_Oj,2. 87, or T - T /2. 87.*s>'

Figure 11. Determining the optimum time-constant.
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THE DELAY FUNCTION FOR THE BALANCED DETECTOR

An additional reward supplied by the optimum time-constant

is a significant simplification in determining the delay function of the

balanced detector. With the output voltage composed almost entirely

of the exponential decay, the fundamental frequency component of \r

is proportional to the amplitude from which the decay commences,

that is, the amplitude of the output signal at the instant the refer

ence terminates.

To determine the amplitude of the output at the termination of

the reference, imagine first a continuous reference signal which

produces a transfer impedance that is constant and small. It is then

possible, from the equivalent circuit, to determine the output wave

form for a specified input waveform. Next, consider the operating

case of a pulsed reference having a rectangular envelope. It is

required that the width of the reference pulse be short with respect

to the repetition period and long with respect to the charging time-

constant. The actual pulse width is of concern only within these

limits. Because of the short charging time-constant, the turn-on

transient will have passed at the end of the reference pulse, and

the amplitude of the output will then be the same as it would have

been had the reference been continuous up to the instant it termi

nates. Consequently, the important thing is the point in the output
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waveform at which the reference shuts off: in other words, the

amplitude from which the decay commences.

The point in the output waveform at which the reference termi

nates is determined by the delay; that is, as the delay varies, the

point in output waveform at which the reference terminates will

pass through the entire output waveform. Thus, the long decay will

begin from every point in the output waveform as the delay varies

from minus a pulse width to plus a pulse width. The delay function

that would result from a rectangular reference envelope would then

take on the same form as the waveform that would be observed at

the output of the detector if the reference was continuous.

The reference envelope must be rectangular for the above

conclusions to be valid. However, no similar requirement is neces

sary on the input signal envelope. The plot of the delay function

resulting from the pulsed reference will be the same as the observed

output waveform when the reference was continuous.

The delay functions for different input envelopes are shown in

Figure 12.
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Figure 12. Some delay functions for various input signal envelopes
and a rectangular reference envelope.



THE MATHEMATICAL ANALYSIS OF THE

BALANCED DETECTOR
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The primary purpose of this effort is not to create any revolu

tionary systems or new concepts, but to generate an intuitive under

standing of how the balanced detector performs the time detection

operation and to provide a means of mathematically determining the

delay function in terms of measurable system parameters. To that

end, simple circumstances have been investigated with a qualitative

look at the delay function. The investigation is now extended to a

mathematical analysis of the equivalent circuit.

To maintain as much generality as possible in this analysis,

the pulses are not restricted to being rectangular; the pulse width

need not necessarily be short with respect to the repetition period;

the input and reference need not have the same envelopes. The

analysis and resulting solution for the output voltage are completely

general. Appropriate restrictions will be reimposed when applying

the solution to a particular case.

The transfer characteristic of the balanced detector is ob

tained from the equation for the equivalent circuit of Figure 9, page 22.

V - V V
1 2 2

R(t) R
L

- C
L dt



or

dV2 x 1 r 1 , 1 72 Vl
T [_L_ + _L_] - = __i

dt C LR R(t)J C.R(t)
J_j J_j J_j

making the substitutions

4»(t> =p±-i4-+ l
CL RL R(t)

and

v,

i|j(t) - CLR(t)

Equation 1 becomes

dv.

— +cb(t)v2 = !l,(t)

Equation 2 is a first order differential equation linear in v . A

solution is obtained by using the integrating factor.

<b(cr )dcr

Equation 2 then becomes:

b(t)
b(t) = \ (b(o-)do-

0

e»«> ^ ++,t,eb«t»v2(„ =eb">„„

_d_
dt

b(t) I b(t) , .e v 'v_ I = e v '^(t)"S]
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(2)



v - e "b(t) reb<%(e)de
o
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(3)

Equation 3 does not lend itself to a simple solution except for ele

mentary cases. A standard solution may be obtained if <b(t) and ijj(t)

take on a special form, but in general, a numerical evaluation will

be required. Computer methods will then be the only practical

means of obtaining a solution.

A check of the above equation is now made by evaluating the

delay function for a simple set of pulses and comparing the results

with qualitative results presented in the previous section.

For this evaluation the restrictions are again imposed that the

reference pulse be short with respect to the repetition period and

also that it be rectangular so that R(t) will be digital in nature. The

input signal is a ramp function as shown in Figure 12.

The following equations describe the various quantities con

tained in the solution.

The input signal is a function of time and delay and is given by:

vx(t,d) =

t+d

T
w

0 < t + d < T
w

T < t + d < T
w p

The reference signal is a function of time given by:



{V

vr(t)
0 < t < T

w

T < t < T
w p
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The reference signal generates a transfer impedance given by:

fR,

R(t)

R,

0 < t < T
w

T < t < T
w p

Where the amplitude of the reference is chosen such that

Rn << R << R, . Also the charging time-constant R„C is short
U L l 0 L

with respect to the pulse period, and R C is the optimized time-
L L

constant.

The quantities b(t) and dj(t) are given by:

b(t)

JL J0

1 1
+

RL R0

t + T.
w _

w

4i(t, d)
v^t.d)

CLR(t)

t j. t tdo- = + » 0< t< T

RLCL R0CL R0CL

do- =•

RLCL
PZ T < t< T

R1CL RLCL W P
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The output signal as a function of time and delay and is given

by:

v2(t,d)

"t/R0CL <* 9/R0CL° L ^9)e ° Ld9
J0

t/R. C _t + T 0/r. C
1 L C . /QVw 1 L,

dj(0 )e d0

T
w

0 < t < T
w

T < t < T
w p

The delay function is extracted by evaluating v (t, d) at t = T
Ls V\f

which is the amplitude of the output signal at the instant the refer

ence terminates.

by:

For the input signal arriving early (d>0), ip(t, d) is described

ip(t, d)

t + d

CRT
L 0 w

-d < t < T - d
w

T - d < t < T
w w

The first integration covers the interval from the time the

reference turns on until the input turns off (0 < t < T - d).
w



v2(t, d) = e -— e d0

•t/R C
o L

0 0 L w

R0CL t/R0CL/ t
e

T
w

, t/R.CT R„C
+£ e ° L +-^^ - —

T T T
W WW

Which, for R„C << T , reduces to
0 L w

R0CL
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„ H1_fd d -'/R0CLv2(t.d)- — e
w w

0 < t < T -d (4)
w

This equation shows the output to be the sum of the input signal

and a turn-on transient. After the transient passes (t << RnC ), the
u 1_j

output tracks the input.

For the interval from the time the input shuts off until the

reference shuts off up(t, d) = 0. The integration of zero gives a con

stant, i. e. ,

-[t-(Tw-d)]/RC t -[t-(Tw-d)]/R0CL
v (t, d) = e \ 0d9 = e

2 J0

-[t-(Tw-d)]/R0CL
d (constant)dO - (constant)e
dF

0
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And to fit the boundary conditions, the constant must be the value of

v (t, d) at the termination of the input signal which is obtained by

evaluating equation (4) at t = T - d. This gives,
w

-(T -d)/R C
,, , d w 0 L

(constant) = v (T -d, d) = 1 - -—e
Ct W 1

w

The output then is:

-(Tw-d)/R0C -[t-(Tw +d)j/R0CLj
v2(t, d) =[1 - — e Je

w

Except for the case where the delay is nearly equal to T , the

output at the termination of the input signal is unity. The output

then decays by the R„C time-constant and is effectively zero at
U J_j

t = T except for the delay near zero. The time axis is displaced
w

in the above equation by T - d since that is the point at which the
w

decay starts, and t = 0 is used to designate the instant the reference

begins.

The delay function is obtained by evaluating the above equation

at t = T .
w

fld)
•<Tw-d»/R0CL •d/RocL

w

-d/R0CL 0 < d < T
w



and

For the input arriving late (d < 0), dj(t, d) is described by

cp(t, d) =

v2(t,d)

(o

t + d

R.CT T
0 L w

0 < t < d

|d| < t < T

0 < t < |d

38

-<t + d)/R C t (e + d)/R c

i^c7F-e de ldl<t<T„
H) 0 L w

For d < t < T ,
I I w

-<t +d)/R0cL t e+d/RocT
v (t, d) = I J (t + d)e d0

2 R0CLTw |d |

-(t +d)/R0CL R0CL " 6 +d/R c
1 o l e+d .

e - 1

R0CL

t+d R0CL
T T

w w

t + d

w

T
w

1 -

•(t +d)/R0CL-

-1 t
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The daley function is again obtained by evaluating the equation

at t = T .
w

d + T

f(d) =
w

w

T d 0 (6)
w

A plot of the above results is shown in Figure 13, The results

from the intuitive approach, given on pages 28 and 29, were that the

form of the delay function obtained with a pulsed reference would be

the same as the observed output waveform if the reference was con

tinuous. The restrictions were that the reference envelope be rec

tangular and of sufficient amplitude that the charging time-constant

be short with respect to the pulse width. Another restriction was

that the pulse width be short with respect to the pulse period, so

that the fundamental frequency component was determined almost

entirely from the decay of the output. A plot of the output waveform,

for a continuous reference and a. ramp function input envelope, is

shown in Figure 13. Also, a plot of the delay function from the

above analysis is shown. The forms for each case are the same.

Therefore, it is safe to conclude that the mathematical solution is

in agreement with what is intuitively understood about the balanced

detector operation.
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40

Figure 13. A comparison of the delay function obtained from
the mathematical analysis with that obtained from
the intuitive approach.
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THE NON-RECTANGULAR REFERENCE ENVELOPE

To extend the value of the mathematical description to practical

circumstances, cases other than a rectangular reference must be

considered. Therefore, the effect of the reference on the transfer

impedance must be investigated. That is, R(t) must be determined

in terms of the amplitude of the reference (V ). In order to obtain
r

the relation between R(t) and V it is necessary to compare the opera

tion of the actual circuit with that of the equivalent circuit.

In the actual circuit, for a CW reference and no input signal

there is zero net current through the diodes to the load regardless of

the amplitude of the reference. Next, for the addition of an input

signal, which is small with respect to the reference, the average

current through one diode is increased while in the other diode it is

decreased an equal amount. The net current delivered to the load is

twice the change in the average current in one diode. The amount of

change in the current depends on the amplitude of the reference.

For reference amplitude below the knee of the diode curve a negli

gible amount of current is delivered to the load by the addition of an

input signal. However, for a reference amplitude that swings into the

high conduction region of the diode the addition of an input signal will

cause a significant amount of current to be delivered to the load.

In the equivalent circuit, the transfer impedance controls the
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amount of current delivered to the load by the input signal. The

transfer impedance in terms of the reference amplitude is defined

as the ratio of the change in V to a change in the net current de-
r

Iivered to the load. The change in the net current is twice the change

in the average current through one diode. Therefore,

1 _ _ d r , .—y - G(t) - 2^—Li(average/diode)J
r

Determining the average current through a diode begins with

the basic equation relating the current-voltage character of a semi

conductor junction,

• - • / av i\i-i0(e -1)

For v taken as the total reference signal, the average current

through one diode in a half-cycle is,

•, ,-,r^ Of . aV sinwt . . ,i(AVG) - — I (e r -l)dt

0

Where T is the period of the high frequency signal.

The change in the average current through both diodes with

respect V is given by:

g(t) =
dV

4i T/4. 0 ("/ aV sincot)
~Y~ \ (e r _i)dt
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Because T is short, V will effectively be constant during the period,

and the derivative can be taken inside the integral.

4aL _T/4 aV sincot
. . 0 ( r

g(t) — \ sincot e dt

0

Neither of these equations for g(t) leads to a standard solution.

Hence, an approximation must be made.

A realistic and practical approximation is to assume the high

frequency signal to be triangular rather than sinusoidal. The ampli

tude of the triangular wave must be adjusted to compensate for the

difference in the waveforms. A reasonable compensation is ac

complished by equating the area under the two curves; this process

is shown in Figure 14 and yields an increase in the amplitude of the

triangular wave with respect to the sinusoidal wave by a factor of

1. 27. This adjustment factor can be absorbed in the constant "a" in

the diode equation by multiplying this parameter by 1. 27, i. e. ,

a, = 1. 27a.

g(t) is then determined by:

T/4
4i

g(t) =
0 d

T dV

4a, V t
r

w

, 1Qal

a V
1 r

a V
1 r

J» e du

1 )dt

4a V



1T

JT

V \ s inx dx

r J0
V (cosx

r
^=V

TT

2 2v

2 A - 2 /X \— x dx ( )
TT

For equal areas under both curves:

V.

V Z v2
4 V

= 1. 27

TT

2=12
r> tr

(£_) =iV2
M ' 4
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Figure 14. Approximating a sinusoidal wave with a triangular wave.
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It is now necessary to account for the bulk resistance (r ) of the
b

diode which has a commanding effect at high currents. This re

sistance acts as a resistor in series with the junction giving a total

transfer impedance for the device of,

R(t)
l

iTtY +rb

Before a definite plot of R(t) can be made it is necessary to

establish values for the diode parameters. The curve in Figure 1 5

shows the characteristics of a IN831AM microwave diode and gives

the values:

iQ = 2 ^a

a = 24. 3/volt

r - 14. 25 ohms
b

Using these values in the above equations provides the desired rela

tion between G(t) and V ; a plot of this relation is shown in Figure 16.
r



46

V (volts)

Figure 15. The characteristics of a IN831AM rriicrowave diode.
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0. 1 0. 2 0. 3 0. 4 0. 5 0. 6 0. 7

V (volts)

Figure 16. A plot of the transfer conductance as a function of the
amplitude of the reference.
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THE TYPICAL FORM OF THE REFERENCE ENVELOPE

Having the capability to handle a continuous reference envelope,

it is now necessary to establish a realistic waveform for V .
r

In most practical cases, the reference is generated as a rec

tangular pulse and then filtered to limit its band-width. In the

spectrum of a high-frequency pulse having an envelope described by

V , the spectrum of V appears as side bands on each side of the
r r

high-frequency spectral line. It is then possible to consider the

band-pass filter acting on the total spectrum of the pulse to be a low-

pass filter acting on the spectrum of V , since limiting the band

width of the pulse is equivalent to removing the higher order har

monics of V . Fourier analysis shows that removal of the high fre

quency components creates a degradation of the rise and fall time of

the pulse.

An intuitive understanding of the effect of a filter on a rec

tangular pulse can be acquired by referring to Figure 17. Filtering

of the high frequency components of the pulse will produce a finite

rise period shown as T . The output will then remain constant until
R

the input terminates, at which time the output starts its fall to zero.

The rise characteristic in Figure 18 is shown to take a sinu

soidal form during T , or for an input pulse-width of T (measured
R R

of the half-amplitude points), the output envelope is described by



T

r w

T - rise period
r

* Vw)

Figure 17. The effect of filtering on a rectangular envelope.
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nTT
/ \ sin —v0(co)= k

2 "I

2-tt n k2-n2

Figure 18. The equation for a filter response that converts a
rectangular envelope to a sinusoidal envelope.
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sin (trt/2T ), for 0 < t < 2T . The question arises as to what
R R

filter response, h(co ), will produce a sinusoidal pulse from a rec

tangular pulse.

The calculation of the spectrum of the rectangular pulse is

straight forward and yields v, (co) = sin(—— )/irn. Where k - T /T .
1 2R w p

Determining the spectrum of the sinusoidal output pulse is shown

below. See Figure 18.

vo(w) =2T (1/2 + 1/2 coskt)cos ntdt
TT

"k

sin(n tt)

2Trn

• /nTr\ fi 2 /nTT\sin(—) | k cos(—)

v^co)

v2 2k - n

r k2
i2 2k - n

nir

COS(2k}

tt n i2 2k - n

The desired filter response is then:

V2 1k n-n-
!rnsh(w) =

vQ(co)

v^co) cos

- = J

The plot of the band-pass filter characteristics that will con

vert a pulse with a rectangular envelope into one with a sinusoidal

envelope,or h(co), is shown in Figure 19. For a longer input pulse

width, the rise and fall will have a sinusoidal character, but there



h(u) =

.n-rr.
cos(—)

Figure 19. A plot of the filter characteristics that convert a rectangular envelope to a
sinusoidal envelope. en
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will be a steady-state, or a flat-top, section between the rise and

fall periods.

The characteristics of h(co) seem to be a realistic approxima

tion to a good filter that would typically be used in practice. There

fore, the typical pulse that will be worked with in practice can be

approximated nicely by a sinusoidal rise and fall character.

Some additional comments are now in order regarding side ef

fects of the filter on the pulse. The first thing is that the filter ef

fectively delays the pulse by half the rise period as shown in Figure

18. Second, the pulse width, defined as the distance between the

half voltage points, is unchanged. Third, the shortest pulse that

can be used with this filter has a width equal to the rise period,

since for a shorter pulse the output will not reach a maximum before

the input shuts off, and as a result, the output will become distorted.
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A SUMMARY

All the necessary mathematics and understanding have now

been developed to attack any case of balanced detector operation.

The input signal can take on any form; the reference signal can be

digital or continuous; the pulses can be long or short. Grinding

through the equations for most cases is beyond human endurance.

However, an insight can be obtained by a further investigation so

that ball-park estimates can be determined for a particular circum

stance of operation. The mathematical computations will only verify

these estimates.

Take again the case of a rectangular reference. V must be

large enough that the charging time-constant is short with respect

to the pulse width. The limit on the minimum value of R(t) is the

bulk resistance of the diode. It is pointless to increase the refer

ence once this condition is reached. Next, consider a sinusoidal

envelope with an amplitude the same as the rectangular pulse. The

minimum value of R(t) is again the bulk resistance of the diode. The

only difference is in the transition period from off to on. The re

sults of applying these two envelopes to the G(t) vs V curve (Figure

16) is shown in Figure 20.

The first thing to note is that the skirts of the sinusoidal pulse

after applying it to the G(t) vs V curve are the steepest in the
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G(t) G(t)

Figure 20. The shape of the transfer conductance as a function
of time for a sinsusoidal envelope applied to the
figure 1 6 curve.
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region of transition. Thus, the time spent in that region is very

short, and consequently, the detector is shut-off in a very short

time. The result is that the sinusoidal pulse behavior is not sig

nificantly different from that of the rectangular pulse. It is true that

a larger amplitude would alter the transition time, but a larger

amplitude would serve no purpose.

The conclusion can then be made that once the G(t) vs V curve
r

is known, a voltage level can be chosen for the reference signal that

will operate the detector very much like a rectangular reference

envelope; and for the rectangular envelope the delay function is then

known. As an example, a sinusoidal input envelope will produce a

sinusoidal delay function with its maximum occurring for a delay

value that will cause the output to be maximum when the reference

goes through the transition region.
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SOME GUIDELINES FOR PARAMETER SELECTION

It is now appropriate to set down ground rules for selecting

parameters to achieve a desired system operation.

Once G(t) is known in terms of V , the voltage level of the
r

reference can be established to minimize the transition time. At

this level the maximum value of G(t) will be 1/r. . However, any
b

source resistance in the input generator must be added to r when
b

considering the charging time-constant. The next step is to choose

a load capacitor such that the charging time-constant is short with

respect to the pulse-width. Optimizing the time-constant of the load

{RtCt) then dictates the value of R . There is still one remaining

condition to be taken into account, that being the response of the

system when the reference is off.

Since the diode has a finite conductance as well as a small

junction capacitance at zero voltage,which cannot be eliminated, the

detector will have a small transfer response when the reference is

off. The equivalent off-circuit for this situation is shown in Figure

21. From the diode equation, the conductance of the diode at zero

voltage is g(0) = i a, and the junction capacitance is a measurable

quantity.

The value of the parameter "a" does not change significantly

between diodes, but i can vary substantially. Either the resistance
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Figure 21. The off-circuit of the balanced detector.
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or the capacitance of the junction can control the off-circuit response,

depending on the frequency involved. Therefore, one or both of these

parameters must be specified in selecting the diode. If practical

values of i and c. will not give the desired results, it may be

necessary to alter the values of R and C which may mean a devia-
L L

tion from the desired time-constant. Unless there is an appreciable

change in the time-constant, the response will be effectively un

changed. In the event that the necessary values of R and C do
l_j j_j

degrade the operation, the IF amplifier can be used to compensate.

A large variation in the time-constant, however, can be tolerated

while still maintaining the majority of the IF signal in the decay of

the output.

A procedure for designing a system can be specified as follows;

1. Determine G(t) interims of V .
r

2. Choose a voltage level for V .
r

3. From the bulk resistance value of the diodes to be used,

and the source resistance of the input, choose a load

capacitor for the proper charging time-constant.

4. Select R from the optimum time-constant constant
i-j

condition, i. e. , RT = T /Z. 87C .
L p L

5. Check the off-characteristics of the detector. If neces

sary, increase C and decrease R within the restriction
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specified in 3, deviating no more than is necessary from

the optimum time-constant.



A COMPUTER EVALUATION AND SOME DATA

FROM AN OPERATING SYSTEM

61

This final section will review the data from a computer evalua

tion of the equations for the conditions specified below:

1. Both the input and reference signals have sinusoidal

envelopes with pulse-widths measured at the half ampli

tude points of 80 ns.

2. The diode parameters and G(t) have values determined

previously for the 1N831AM diodes.

3. C = 500 pf and R = 7000 ohms which gives an
L L

optimum time-constant for a repetition period of lOjxs,,

The first result to investigate is the response at coincidence

(d = 0) shown in Figure 22. The input signal is shown in dashed

lines, and the output in a solid line.

The reference starts its turn-on transition at about t = 30ns,

and the output begins to increase. The output reaches its maximum

about 10 ns later than the input because of the effective phase shift

caused by r and C . The output takes the same form as the input
b L

until the reference begins the turn-off transition. At the end of the

pulse when the reference is completely off, the output is decaying at

a rate established by R C .
L L

The important point worth noting is in the region of the
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turn-off transition. The short dashed lines show the response that

would be obtained from a rectangular reference with the same width,

i. e. , the reference is constant from t = 40ns to t = 120ns. There is

a difference in the transition region, but the value at the end of the

pulse is the same. The delay functions will then be the same for

either type of reference envelope. In fact, even slower transition

could be tolerated with no alteration in the delay function.

The delay function is plotted in Figure 23. This plot is ob

tained from the value of the output at the end of the pulse (t = 160ns)

for each value of delay. As predicted, the delay function takes the

form as that observed at the output for a continuous reference, i. e. ,

R(t) = r . For a delay of - 30ns plus the 1 0ns phase-shift delay,

the output will be maximum at 120ns, or at the instant the reference

shuts off. The output waveform for adelay of - 30ns is shown in Figure

24. This waveform shows the output decaying from its maximum

value. The delay function then reaches its maximum at this value of

delay which is shown to be the case in Figure 23.

Figure 25 shows the output waveform for a delay of + 20ns. In

this case, the rise is very steep, but because the input came in early

(d>0), the output has time to reduce to a lower value before the

reference shuts off.

Figure 26 shows some photographs of a system operating under

the conditions used in the computer evaluation. Photograph A shows
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Photograph A.

• input and

reference signal;

Photograph B
(zero delay)

Photograph C

(-30ns delay)

Photograph D

(+20ns delay)

Figure 26. Photographs from a system operating under the condi
tions used for the computer evaluation.



68

the total input signal, which is the same form as the reference signal;

the envelope of the high frequency pulse is very nearly sinusoidal.

Photograph B is the waveform of the signal out of the detector at

coincidence (d = 0). This is effectively the same as that obtained

from the computer evaluation shown in Figure 22. The photograph,

however, shows more of the discharge of the output by the optimum

time-constant. Photograph C shows the output waveform for a delay

of - 30ns, which is equivalent to that shown in Figure 24. This is the

case where the output decays from its maximum value, or the delay

function is a maximum. Photograph D shows the output waveform

for a delay of +20 ns, which is equivalent to the waveform of Figure

25. Here the output reduces to about half its maximum amplitude

before the reference shuts off.

Pulse

Source

"Photograph A Photographs B, C, & D -

Variable

Delay

Phase

Shifter

Attenuator

Balanced

Detector

Figure 27, The test set-up used to obtain the photographs
shown in Figure 26.
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CONCLUSION

Probably the most valuable benefit that has resulted from this

paper is the development of the equivalent circuit for the balanced

detector. From the equivalent circuit, an intuitive understanding

of how the balanced detector operates can be gained. It was shown

that the mathematical analysis of the equivalent circuit was in com

plete agreement with the result that would be predicted from the

intuitive point of view.

The usefulness of the mathematical analysis was extended by

determining the relationship between the amplitude of the reference

and the transfer impedance, or conductance. This relationship made

it possible to apply the mathematical analysis to reference envelopes

that were not rectangular. From the graph of this relationship it was

shown that the response of the system to a sinusoidal envelope of a

proper amplitude would not be significantly different than the response

for a rectangular reference envelope.

Some guidelines were then set down to provide a method of

establishing parameters to obtain optimum performance in a par

ticular application.

Finally, a computer evaluation of the equations obtained from

an analysis of the equivalent circuit was given. The results of this

evaluation, along with actual photographs from an operating system,

provide a fibre of credibility to all the theoretical efforts that preceded it.




