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Microwave Frequency Translator

J. S. JAFFE, MEMBER, IEEE, AND R. C. MACKEY, MEMBER, TEEE

Abstract—A stepped phase-shift approach, employing semicon-
ductor switching techniques in waveguide, is used to achieve
frequency translation at microwave frequencies. Stepped phase shift
is employed to approximate a continuous or ideal sawtooth phase
shift. It has been shown by Fourier analysis that three is the mini-
mum number of phase steps required to achieve frequency transla-
tion with suppression of the carrier and first symmetrical sideband.
A tunable device using microwave switching diodes in a single port
Y junction is described. The diodes progressively switch three
lenths of waveguide into the circuit establishing three phase steps.
A ferrite circulator is used to create a two port device and a modulator
supplies proper diode biases and switching logic. Carrier suppression
of greater than 30 dB and first symmetrical sideband suppression of
greater than 20 dB was observed; other sideband amplitudes are
predictable. A conversion efficiency of —6 dB including the circulator
loss was measured and the bandwidth for 20 dB carrier suppression
varies from almost one per cent to three per cent, depending on other
suppression criteria.

as a device that will act upon an input signal
having a certain frequency in such a way as to
produce an output signal whose frequency is shifted by
some desired amount from that of the input. Ideally,
this will be accomplished without loss of power or with-
out the generation of unwanted frequencies.
Frequency translation generally involves a modula-
tion process that results in the generation of upper and
lower sidebands of frequencies differing {rom the carrier
by multiples of the modulation frequency. The goal is
to achieve lossless frequency translation to the first
sideband with suppression of the carrier, suppression of
the first symmetrical sideband, and suppression of all
other sidebands to as great an extent as possible. It is
also desired to accomplish this with little expenditure of
modulation power. Generally, the translation frequency
is only a small percentage of the carrier frequency, al-
though for practical purposes it is desirable to accomp-
lish translation over as wide a range as possible.
Many devices producing frequency translation have
been reported in the literature [1]-[8]; however, all fall
short of the ideal in one respect or another. The simplest
in concept is the continuous linear phase shifter. Fox
[1] first demonstrated this in 1940. Although his was a
mechanical device, it perhaps comes closest to achiev-
ing ideal frequency translation. The phase shifter con-
sists of three sections of circular waveguide in tandem.
The central section is free to rotate about the longitudi-
nal axis. The first section consists of a quarter-wave
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plate which converts linear polarization to circular
polarization. The central section contains a half-wave
plate which reverses the sense of the circularly polarized
wave. The third section contains a second quarter-wave
plate to reconvert circular polarization to linear polari-
zation. Change in phase is accomplished by rotating the
central section. Continuous rotation will cause continu-
ous advancement or retardation of phase. It can thus
be seen that rotation at a fixed speed will cause a fixed
increase or decrease in the frequency of the transmitted
wave. The limitation on this device is an obvious one.
A mechanical translator of this type is limited in trans-
lation frequency, at best, to a few hundred cycles per
second.

Cacheris [3] demonstrated an electronic version of
the Fox phase shifter. He applied the double refraction
properties of ferrite materials to obtain a hali-wave
plate. Instead of rotating the half-wave plate mechan-
ically, Cacheris was able to obtain a rotating magnetic
field by means of two pairs of coils oriented at right
angles to each other and excited 90 degrees out of
phase. Continuous rotation of the magnetic field will
thus cause a fixed increase or decrease in frequency of
the transmitted signal. Frequency shifts of the order of
+20 kc/s can be obtained with carrier suppression
greater than 20 dB, and sideband suppression greater
than 35 dB.

An approximation to the continuous phase shifter
can be obtained by means of a sawtooth function with a
fast fall time. The amplitude is controlled so that 360
degrees of phase shift is achieved during the rise of the
waveform. Soohoo [4] applied sawtooth drive to a
Faraday rotation type phase shifter to effect {requency
translation. Continuous phase shift is not possible in
this device since magnetic saturation occurs after two
or three cycles. The advantage of this type over the
rotating magnetic field of Cacheris lies in the smaller
magnetic field requirement for Faraday rotation.

The serrodyne is a frequency translator which em-
ploys linear sawtooth modulation of transit time in a
transit-time device such as a klystron or traveling-wave
tube. Cummings [5] was able to produce frequency
shifts in a traveling-wave tube from subaudio to 57
Mc/s with at least 20 dB suppression of undesired com-
ponents. The conversion loss was less than 1 dB of the
normal amplifier output.

The sawtooth principle can also be applied to Hardin’s
[7] electronically variable phase shifter employing var-
ractor diodes. Here the variable capacitive properties
are used to obtain phase shift. The limitation on this
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device at the present time is the small range of capaci-
tance.

Another approach to achieving frequency translation
is based on the balanced modulator principle. The de-
sign was first described in the Radiation Laboratory
Series [2]. Silicon diodes were employed backed by
short circuits placed a fourth-wavelength behind the
diode centerline. The diodes approximate balanced
modulators. When the modulating voltages are applied
in phase quadrature, and the RF voltages are combined
in phase quadratures then the outputs are translated in
frequency. The same principle was applied by Clavin
[8] using ferrite devices for the balanced modulators.
The limitations on translation frequency are the same as
other Faraday rotation devices (approximately 100 kc),
primarily caused by the “shorted turn” effect of the
waveguide wall.

The method to be discussed here employs a stepped
approximation to the sawtooth. It is an extension of the
method described by Rutz [6] employing diode
switching.

SEMICONDUCTOR DEVICES

Advances in semiconductor techniques have brought
about new methods of microwave frequency translation
as well as a re-examination of older approaches. In pros-
pect, the use of semiconductors may overcome most of
the limitations inherent in the foregoing methods. The
switching times are very fast and the drive requirements
extremely small, so that large frequency offsets are
possible. This should make the semiconductor devices
far superior to those employing ferrite materials while
the size and “passive” nature of the semiconductor
diode make it more attractive than the traveling-wave
tube serrodyne approach. The primary disadvantage to
date has been the low power handling capabilities of the
crystal diode. Recent advances [9] have resulted in
diodes capable of switching tens of watts of CW micro-
wave power at X band.

STEPPED PHASE SHIFT APPROACH

Figure 1 illustrates the stepped phase-shift approxi-
mation to the continuous linear phase shift required for
ideal frequency translation. For a sinusoidal input
waveform of unit amplitude and frequency fo with a
phase function ¢(¢), the output waveform may be
expressed as

eo = sin [2xfot + ¢(@)]. (1)

For the case of the linear continuous phase function and
the periodic ideal sawtooth of Fig. 1, ¢(¢) =2xfif, where
f1 is the modulation frequency. Hence for these two
cases

eo = sin (2nfot + 2nfit) = sin (wo + wi)t (2)
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Fig. 1. Phase functions. (a) Linear continuous phase function, (b)
Ideal sawtooth phase function. (c) Stepped phase function.

which is ideal frequency translation. The best stepped
approximation to these ideal functions assumes equal
time steps and equal phase steps. Rutz and Dye [6]
have shown by Fourier analysis that three is the mini-
mum number of phase steps required to achieve trans-
lation with suppression of the carrier and first symmetri-
cal sideband.
The phase function for this case becomes

qs(t):—z—7r for — L <i< L
3 2= 7%

o) =0  for ——<i<H @)
6 6
¢(l)=-l-2—ﬂ- f0r+-]—‘st<+—]—‘
3 6 2

where 7"=modulation period.

The Fourier analysis for the ideal three-step case pro-
duces spectral lines only at every third modulating fre-
quency interval with the intervening lines going to zero.
The amplitudes of the remaining lines (relative to the
unmodulated carrier) can be shown to be [see Ap-
pendix a) |

Kq
‘En+l =— forn=147,10-- -

£, @
|En—|=“‘_‘ forn=2,5 811 - -
n

where K¢=3+/3/27 and |Eni.\ is the magnitude of the
spectral line at (fox#nfi). A plot of this spectrum is
shown in Fig. 2. Since K is the amplitude of the domi-
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Fig. 2. Ideal spectral response—three-step phase function.

nant (or translated frequency) line, it represents the
ideal conversion efficiency for the three-step frequency
translator. Evaluating K, establishes —1.65 dB as the
maximum conversion efficiency that can be expected
from the translator.

The analysis of Rutz and Dye is called “ideal” since
it assumes that the phase steps are exactly equal in
phase and have amplitudes equal to unity. Since in
actual practice this is not usually the case, it is of inter-
est to examine the general case.

For the general case the output waveform becomes

eo = g(t) sin [wot + ¢(1)]
where g(¢) represents the amplitude function and ¢(z)
the phase function. The time division is assumed to be
equal as in the ideal case. Thus for the three-step case

gH) =1 } T )

for — — << ——
2

o) = ¢1 6
80 = 4 }for——3t5;+—. ®)
¢(f)=¢2=0 6 6
= B T T
80 } for +— <1<+~
6(0) = b5 6 2]

A Fourier analysis [Appendix b)] using these values
results in the following amplitudes for the spectral lines:

K,
‘EM‘ =— forn=1,4,7,---
n
K,
‘En+| =— forn=27528, -
7
X (6)
| B | = — form=1,4,7, -
K
| Eoe| = — forn=12,58,---
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where K is the conversion efficiency and K, is the
“suppression” factor (so-called since it is a measure of
the degree of suppression of the normally zero speciral
lines for the ideal case). Both K; and K, are intricately
related to g(#) and ¢(¢) as is also carrier suppression. It
is interesting to note that even in the general case the
spectral lines that have frequency differences from the
carrier equal to a multiple of three times the modulation
frequency are completely suppressed.

From this analysis we can develop the following set
of conclusions:

1) Suppression of spectral lines at frequencies equal
to fox 3kf1 (k=1, 2, 3, - - - ) is dependent on the
time function only and is independent of the
amplitude and phase of the stepped phase function
itself.

2) The normalized amplitude of the positive side-
bands at n=4, 7, 10 - - - and negative sidebands
at 2, 5, 8, 11 - - - is always equal to 1/# and is
independent of the amplitude and phase of the
stepped phase function itself.

3) Conversion efficiency and carrier suppression are
dependent on the amplitude and phase of the
stepped phase function.

4) The suppressed amplitude of the symmetrical
sideband, as well as sidebands not covered by
conclusions 1) and 2), is equal to Ky/n where the
suppression factor (K,) is a function of the ampli-
tude and phase of the stepped phase function.

MECHANIZATION

The frequency translator is composed of three main
units: a ferrite circulator; a phase modulator unit, and
a modulator driver. The circulator enables a single port
tunable reflective type phase modulator to become a
two port component that may be inserted in series in a
microwave circuit. The phase modulator is basically a
shorted piece of waveguide whose length (and thus its
insertion phase) can be varied by means of microwave
switching diodes. The modulator driver provides the bias
voltages and currents for the switching diodes in the
proper time sequence. Figure 3 illustrates the device.

The modulator unit consists of a symmetrical ¥ junc-
tion with two germanium switching diodes placed across
the narrow dimension of the waveguide and located near
the juncture. Figure 4 is a photograph of the phase mecd-
ulator. Two arms of the ¥V are terminated with adjust-
able short circuits. The third arm functions as a single
input and output port. The diodes are arranged so that
when both are reverse biased (Condition I) the micro-
wave energy entering the input port is reflected from the
plane of the diodes. When diode 2 is reflecting and diode
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1 passing (Condition II), energy passes into arm 1 and
is reflected from adjustable short 1 back to the input.
When diode 1 is reflecting and diode 2 passing (Condi-
tion I11), energy is reflected from adjustable short 2.
Condition I is the reference phase condition. Short 1
is adjusted so that under Condition II the effective
length of arm 1 is one-sixth of a guide wavelength. The
two-way length is one-third of a wavelength which adds
120 degrees of phase shift relative to Condition I. Short
2 is adjusted so that under Condition III the effective

MODULATOR
DRIVER

VARIABLE
SHORT

Y —~JUNCTION CIRCUITS

]

MICROWAVE
SWITCHING
DIODES

INPUT CIRCULATOR

OUTPUT

TERMINATION

Fig. 3. Schematic arrangement—stepped
phase-shift frequency translator.

Fig. 4. The phase modulator unit.
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length of arm 2 is one-third of a wavelength, adding 240
degrees relative to Condition I.

The diodes are placed so that they lie on the center-
lines of Arms 1 and 2, respectively. The position of the
diodes along the centerline was determined by treating
the input guide and each side arm as a 120 degree
mitred corner waveguide bend. Diode 2 is considered as
the corner plate on bend 1 and diode 1 the corner plate
for bend 2. Measurements established that the plane of
reflection does indeed lie very nearly along the diode
axis.

SwitcHING DIODES

The important characteristics of microwave switching
diodes for this application are:

1) Minimum insertion loss in the forward bias
condition

2) Maximum reflectivity in the reverse bias condition

3) Fast switching time

4) Capability of handling appreciable RF power.

The diode equivalent circuit and mode of operation are
well known [10], [11] and will not be repeated here. The
diodes used were Philco types 1N3481, 1N3482, and
1N3039. The primary difference between them is power
handling capability. The 1N 3481 is rated at only 1 milli-
watt, whereas the 1N3093 and 1N 3482 are rated at 0.5
and 1.25 watts, respectively. The 1N3093 was selected
for demonstrating the frequency translator, represent-
ing a compromise between power handling capability
and drive requirements. Typical numbers for this diode
are:

1) Forward insertion loss (at 60 mA) 1.5 dB
2) Reverse bias isolation (11 V) 21 dB
3) Switching time ~10? sec.

MopULATOR DRIVER

In describing the phase modulator unit the conditions
were set forth for attaining successively the three phase
steps required for frequency translation. Figure 5 shows
the required waveforms for each of the diodes; ON refers
to the diode in forward bias or “passing” condition and
OFF refers to the reverse bias or “reflecting” condition.
A modulation frequency of 100 kc was chosen to demon-
strate feasibility although the analysis indicates capa-
bility at considerably higher frequencies. Translation is
presently limited by the driver rather than by the micro-
wave diodes. Current state of the art of transistor multi-
vibrators and gating circuitry indicates that frequency
translations up to 100 Mc should be possible.

A block diagram of the modulator is shown in Figure
6. A 300 kc clock rate is used as events occur at one-
third cycle intervals. Three time staggered gates are re-
quired each passing every third pulse. The output from
AND gate 1 permits diode 1 to be turned ON and initi-
ates gate generator 2. The output from AND gate 2
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turns diode 1 OFF, diode 2 ON and initiates gate gener-
ator 3. The output from AND gate 3 turns diode 2 OFF
and initiates gate generator 1. In theory, a starting pulse
is required to initiate gate generator 1 after which the
process is self-sustaining; in practice the turn-on tran-
sient was sufficient to trigger the process.

The transistor output amplifiers provide a pulse of
current to the 1N3093 diodes of sufficient amplitude to
bias them ON. A reverse bias supply keeps the diodes
in the OFF state between current pulses. From detailed
measurements of insertion loss in the forward and re-
verse bias conditions, on ON current of 70 mA was opti-
mum for both diodes while the optimum reverse bias
was 7.5 volts for diode 1 and 5.0 volts for diode 2. The
modulator rise and fall times are 0.1 and 0.2us, re-
spectively.

Cond:tion: 1
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Fig. 5. Diode waveforms,
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Fig. 6. Modulator driver block diagram.

EXPERIMENTAL RESULTS

Loss measurements were made on the combined cir-
culator and Y junction with the following results.

Insertion loss
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Condition Diode 1 Diode 2 (dB) through
device
I OFF OFF 2.5
11 ON OFF 5.5
111 OFF ON 5.7
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These results are in close agreement with measurements
made separately on the circulator and phase modulator.
It is obvious that this mechanization cannot result in
equal amplitude signals for all phase steps since in
Condition I the two-way insertion loss of the forward
biased diodes is not present.

Measurement of the spectral output of the translator
was made after tuning the phase shifter by three differ-
ent methods. The first method (Case I) consisted of
carefully adjusting the positions of the shorts to Ag/6
and Ag/3 by measuring relative minimum positions of
the standing wave using a slotted section and referenc-
the zero phase to the condition of reverse bias on both
diodes. The second method (Case Il1) consisted of ad-
justing the short positions for maximum suppression of
the carrier as observed on a spectrum analyzer. Case [11
was like Case 11 with the exception that a slide-screw
tuner was placed between the circulator and ¥ junction.
Both short positions and tuner were adjusted for maxi-
mum carrier rejection. Case IV, a variation of Case 111,
was an adjustment for equal maximum suppression of
carrier and first symmetrical sideband. The carrier fre-
quency was 9 Gc and amplitude measurements were
made relative to the dominant spectral line. Figure 7
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shows that the improved suppression of Case IV is
achieved at the expense of bandwidth over Case II.

Using the relationships presented earlier and derived
in the Appendix, it is possible to calculate the efficiency
and suppression factors K; and K, respectively, for
three of these cases. (Case IV was a minor change from
Case II1.) This was done using measured values of am-
plitude and phase. The suppressed carrier amplitude
(E,) can also be calculated, as shown in Table I.

Using these factors and a table of 1/z, a comparison of
calculated and experimental values can be made.
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CONVERSION EFFICIENCY

Conversion efficiency is the ratio of the power of
fo+f1 under modulation to the power of fo with modu-
lation off (diodes in Condition I). An additional fixed
loss of 2.5 dB occurs in the system due to the circulator
and the diodes. A comparison of calculated and mea-
sured values is shown in Table I1.

SPECTRAL COMPARISON

Table 111 presents the calculated and measured values
for a number of the sidebands for each case. All values

TABLE 1
MEASURED AND CALCULATED PARAMETER VALUES

* * *

Case

* L3 *k *k

4 B ¢ @3 K98 KB EgdB
I 0.700 0.741 —120° +4120° —-3.4 —22.2 -—20.6
II 0.630 0.727 -—139° +92° —-3.9 -—15.3 -—-25.2
IT1 0.814 0.870 —135° 4+102° -—2.7 —19.1 -—25.3
* Measured.
** Calculated.
TABLE 11

CoNVERSION EFFICIENCY

Case Calculated (dB) Measured (dB)
Ideal —1.65 —
1 —3.4 —3.8
11 —-3.9 -3.9
II1 —2.7 —3.0
TABLE III
COMPARISON OF CALCULATED AND MEASURED SPECTRAL AMPLITUDES
. Positive Sidebands Negative Sidebands
Relative Amplitudes (dB) Relative Amplitudes (dB)
Case: Ideal I* T II* Ipet IIT* IIT** Ideal I* Tk I1* Iw# IIT* IIT**
0 — —17.1 —17.4 —21.3 —30.0 —22.6 —31.8
1 0 0 0 0 0 0 0 — —18.8 —18.7 —11.4 ~12.3 ~16.4 ~20.8
2 — ~24.8 —21.8 ~17.4 —15.9 -22.4 —22.1 — 6.0 — 6.0 - 6.0 - 6.0 - 6.0 ~ 6.0 -~ 6.1
3 — —» > —40 - > —40 — >—30 - - —31.5 — —30.5 — >—30
4 —12.0 -12.0 -12.3 ~12.0 ~12.3 —12.0 —12.5 - —30.8 —31.5 —23.5 ~26.7 —28.4 >-30
5 — e —32.7 —28.1 —25.4 —23.8 —30.4 >-30 ~14.0 —14.0 —14.0 —14.0 —14.1 —14.0 —14.1
6 — — > —40 — > —40 —» > -30 — — —34.5 ) -33.4 - >—30
7 ~16.9 —16.9 —17.5 —16.9 —17.5 —16.9 —-17.7 — —35.7 —34.5 —28.3 —33.4 ~33.3 >-—30
8 — —36.8 —31.3 —29.5 —28.5 —34.4 >-30 —18.1 —18.1 —18.3 —18.1 —18.1 —18.1 -18.1
9 —» — > —40 - >—40 — >—30 —» — ~35 - —33.6 — >—30
10 ~20.0 —20.0 —21.0 —20.0 —21.0 —20.0 —21.3 - —38.8 —35 -31.4 —39.5 -36.4 >-30
11 — —39.6 —32.5 -32.3 ~31.2 —-37.2 >-30 —-20.8 —20.8 —24.7 ~20.8 —21.2 ~20.8 —21.2
12 — o - —32.5 - >—40 - > —30 — — o -35 — ~35.2 — > 30
13 —22.3 —22.3 —23.7 —22.3 —23.3 —22.3 —23.8 — —41.0 —35 —33.7 —43.3 —38.7 >-30
14 —~® —a41.7 —34.2 —-34.4 —33.0 ~39.3 >-30 —22.9 —22.9 —25.8 -22.9 —23 6 —22.9 —23.6
15 — o — —34.2 —® —39.0 — > —30 — w0 — > -35 - > —40 —® > —30
16 —24.1 -24.1 —25.8 —24.1 —25.5 —24.1 —26.2 ) > —40 >-35 —35.5 >-—40 > 40 >-30

* Calculated.
#* Measured.,



1965

are shown relative to the amplitude of the dominant
spectral line at (fo-711).

CONCLUSION

It has been demonstrated that the stepped phase
shift approach meets to some degree most of the criteria
established for the ideal microwave frequency translator.
Translation to the first sideband with suppression of the
carrier and symmetrical sideband can be realized. Other
sidebands are present but are readily predictable and
are several modulation intervals removed from the
dominant line. Total conversion efficiencies (including
circulator) of approximately —6 dB can be obtained.
Translation frequencies of several megacycles appear
possible with small expenditure of modulation power.

APPENDIX

FOURIER ANALYSIS OF STEPPED PHASE SHIFT

For the general case the output waveform may be ex-
pressed as

eo = g(t) sin [wot + ¢()]
eo = sin wet[g(t) cos ¢(t)] + cos wot[g(t) sin d()]. (7)
Representing the periodic functions as Fourier series:

g@) sin ¢(t) = a¢/2 + > (an cos nwit + b, sin nwit)

n=1

g(t) cos p(t) = co/2 + D (¢a cOS 1cort + d, sin nan?)

n=1

€0 = ag/2 cos wet + co/2 sin wet
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T/2
@y = — g(t) sin ¢(t) cos new,tdt
e

9 pTI2
b, = —Tf g(t) sin ¢(2) sin nwitdt

T/2
/2

Cn = — g(t) cos ¢(t) cos nwiidt
TV 7
2 T/2

d, =— 2(8) cos ¢(¢) sin nwitdt.

TJ _rp2

a) Ideal Case

For the ideal three-step case, g{t) =1 for all values of
¢, and ¢(¢) is an odd function. Sin ¢(¢) is therefore an
odd function but cos ¢(#) is even.

Hence

an =0 (also aq = 0)
and
d, =0

and it can be shown that co=0. Equation (8) now be-
comes

e =1/2 i [(cn + B.) sin (wg + nwi)t
+ (6o — b,) sin (wo — nwi)t] (9)

¢, and b, can be evaluated using the phase function of

(3).

V3 ™ ™ fuse +1 for » odd
Cu + by = —{\/3sin—-|— cos— + 1

T 3 3 \use —1 for n even

\/3 N g 1] use —1 for # odd
o b = ;1: |:\/3 Sm? B COS? - {use +1 for » even

by =co—ba=0 forn=23k (k=1,2,3 ")

¢ 1 b, = 0, forn=2,58,---
€ — b, =0, form=1,4,17, -
[(an — d,) cos (wo + nwi)t 1e From (9) the magnitudes of the spectral lines are
+ 1 i + (6a + b2) sin (wo + nen)t ® | By | = | 1/2(ca +b,)| and
2 n,__J + (@, + d.) cos (wo — nw1)t [ En_[ = I 1/2(cs — bn) | .
l + (¢n — b,) sin (wo — nw)l Then
where 343
] n+l =~\L forn=1,4,7,10, - -
2 T2 27
= — f) sl H)dt
w=p ], #0sna0) "
9 prT2 33
co = —~f g(t) cos ¢(t)dt l Ey | =— forn=2,5,8,11, - - -
TJ 1 2xn
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b) General case

For the general case the phase and amplitude function
can be represented by (5).

The amplitude reference is chosen as Condition I
(both diodes reflecting) since the conversion efficiency is
measured with reference to this condition. The phase
reference is arbitrarily chosen as ¢, for ease of analysis.
It is now necessary to determine all of the coefficients

of (8).

241 1 . b1+ B .
~— = —gin ~—sin
) T emerTysings
Co 1 + A + B
— = — 08 ~— 4 — cos
2 3 o1 3 3 s
W wn
a, = — sin—
™ 3
—X( Tn )
b, = COS — — COS TN
™ 3
-V  mn
Cn = sin —
™ 3
—Z< T >
d, = ——| cos— — coswn
T 3

where
W = sin ¢; + B sin ¢;
X = sin ¢y — B sin ¢3
YV = cos ¢1 — 24 + B cos ¢3
Z = cos ¢1 — B cos ¢3
forn =3k (k=1,2,3,--")

@G =by,=ch=d, =0

as in the ideal case.
From (8) the magnitude of the suppressed carrier is

PRIGEE)

and the sideband magnitudes are

O Re)
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et/ () ()

Substituting the coefficients

K

[En+|=—n— forn=1,4,7,---
K,

iEn+l = — forn=2,5,8, .-
7
K,

lEn—l =— forn=1,4,7--".
7
K

|E,| =— forn=2,5,8, ---
7

where
1

K= VV3W 432+ (/3 YV + 3X)2

1
K, = . VH3W — 322+ (/3 ¥ — 3X)2.
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