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Abﬁtract— The Kahn Envelope Elimination and Restoration
(EER) technique implements a linear RF power amplifier (PA)
by coplbining nonlinear, but efficient, RF and AF power ampli-
fiers. [For signals with high peak-to-average ratios, the average
efficiency of a Kahn-technique transmitter can be three to four
times| that of a transmitter that employs conventional linear
RF PA’s. Since switching-mode amplifiers are employed, the
linearity of an EER transmitter depends upon parameters such
as the bandwidth of the envelope modulator and the differential
delay between envelope and phase signals. This paper determines
the relationship between these parameters and IMD levels and
verifies the predictions by laboratory measurements. The results
can be used to determine the requirements for the components
of a Kahn-technique transmitter.

I. INTRODUCTION

E KAHN Envelope Elimination and Restoration (EER)

echnique [1] implements a linear RF power amplifier
(PA) | by combining RF and AF power amplifiers. In the
classical form (Fig. 1), a limiter eliminates the envelope,
producing a constant-amplitude, phase-modulated carrier. The
detected envelope is amplified by the AF PA’s. Amplitude
modulation of the final RF PA restores the envelope to the
phase-modulated carrier, creating an amplified replica of the
input| signal. In a modern implementation, the envelope and
phase-modulated carrier are produced by a combination of
digital signal processing and Synthesis.

Nonlinear RF power amplifiers (e.g.; classes C, D; E, and
F) offer better efficiency than do linear PA’s (classes A
and B) [2], [3]. High-efficiency high-level amplitude mod-
ulatign is accomplished by class-S or -G AF PA’s. While
conventional linear transmitters suffer from poor efficiency for
low-amplitude signals, Kahn-technique transmitters have good
efficiency over a wide dynamic range.

The efficiency of conventional transmitters that use class-A
or -B PA’s can be rather poor for typical voice-modulated,
noise, and multitone signals with large peak-to-average ratios.
For example, ideal class-A and -B PA’s have average effi-
ciendies of only 5 and 28%, respectively, when amplifying a
Rayleigh-envelope noise with a 10-dB peak-to-average ratio
[4]. As a result, a Kahn-technique transmitter can be several
times as efficient as conventional transmitters [5].

The Kahn technique is currently being used in a number of
applications where efficiency is critical. A medium-power HF
transmitter employs a class-D RF PA and a class-S modulator
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and achieves an efficiency of about 60% for virtually all
signals [6]. A low-power UHF transmitter employs a class-
E RF PA and a class-S modulator and also achieves an overall
efficiency of 60% over most of its dynamic range [7]. A high-
power SSB broadcast transmitter employs class-C RF PA’s
and pulse-step amplitude modulators [8]. Hardman describes
a medium-power satellite transponder [9] and Bateman notes
its use for ACSSB at 220 MHz [10]. :

The linearity of a Kahn transmitter does not depend upon
the linearity of its RF-power transistors. Proceésses such as

"pulse-width modulation also do not depend upon the linearity

of individual transistors. Consequently, the intermodulation-
distortion (IMD) characteristics of an EER transmitter depend
primarily upon parameters such as the bandwidth of the
envelope modulator and the difference in the delay between
the envelope and phase signals when they are recombined in
the final amplifier. ' '

The IMD characteristics of EER are mentioned only briefly
in the original paper by Kahn [1]. More recently, simulation
results [11], [12] have provided relevant information. This
paper derives the IMD relationships for the for the two
principal system limitations:

1) finite envelope bandwidth;
2) differential delay between envelope and carrier.

The theoretical predictions are based upon the commonly
used two-tone test signal and are validated by laboratory
measurements. The results can be used by transmitter designers
to determine the parameters required for a Kahn transmitter to
achieve a specified IMD performance.

Intermodulation distortion is, of course, also produced by
hardware imperfections such as nonlinear transfer functions
and amplitude-to-phase conversion. Several techniques have
been developed to improve the linearity due to such causes.
These include envelope feedback [13], polar loop (envelope
feedback and phase lock) [14], and Cartesian feedback (feed-
back of I and @ components) [15], and predistortion [16].

II.. EXPERIMENTAL TRANSMITTER

The block diagram of the experimental EER transmitter
[51, [6] is shown in Fig. 1. Its principal components are an
SSB modulator, delay network, frequency converter, class-S
modulator, and class-D RF power amplifier.

Signals are generated by a conventional filter-type SSB
modulator. A variable dc bias allows either full-carrier AM
or carrier nulling for SSB/SC. Operation at 10.7 MHz allows

-0018-9480/96$05.00 © 1996 IEEE
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Fig. 1. Block diagram ‘of experimental Kahn-technique transmitter.

for highly linear synchronous envelope detection as well as
limiting with low amplitude-to-phase conversion.

Delaying the hard-limited 10.7-MHz IF signal is accom-
plished by down-conversion to baseband (I and @) compo-
nents, delaying the baseband components, up-conversion to
10.7 MHz, and recombination to form the delayed RF signal.
Delay of the I and () components is accomplished by a chain
of op-amp all-pass filters followed by a tapped delay line. This
combination allows delays up to 20 s in 100-ns steps.

The hard-limited signal is translated to the desired output
frequency by a double-conversion scheme (shown for simplic-
ity in Fig. 1 as single conversion). The first conversion by a
fixed LO translates the signal to an IF well above the output
pass band. The second conversion by the VFO translates the
high-IF signal down to the output frequency.

The class-S modulator used in the EER transmitter [17],
[18] has a switching frequency of about 250 kHz, an envelope
bandwidth of 57 kHz, a power output of 150 W, an efficiency
of about 90%, and a linearity of about 1%. The four-pole
Butterworth output filter introduces a delay of about 9 us.

The class-D RF-power amplifier [19] is based upon a pair
of MRF148 MOSFET’s in a transformer-coupled voltage-
switching configuration. Broadband Guanella (equal-delay)
transformers are used at both the input and output. The PA
produces an output of 80 to 100 W and operates from 1 to 60
MHz. The efficiency is on the order of 75-78% at frequencies
up to 20 MHz and then drops toward about 50% at 60 MHz. It
is essentially constant for all signal amplitudes. The amplitude-
modulation linearity (supply voltage to RF-output voltage)
curve differs from a straight line by 1.24% rms.

HI. TWO-TONE TEST SIGNAL

The relative simplicity -of the commonly used two-tone
(two-catrier) test signal allows the derivation of analytic
relationships between each of the system parameters and the
IMD. This section derives the.basic formulations to be used
subsequently. The waveforms are shown in Fig. 2.

The input and output signals are described by

vi(t) = 2[cos(Wewm )t + cos(we — W )1]

= F,(0) cos|w.t + ¢:(0)] ey

4 E(t) cos[o t + p(1)]

3 ;

] 2 — 'r>0 T =0
1 H

¥

u
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Fig. 2. Waveforms in Kahﬁ-technique transmitter. ’
and
vo(t) = Eo(8 — 7) cos|wet + ¢o(8)] @)

where 0 = w,,t and 7 is the envelope-phase delay in radians.
The bandwidth of the RF signal is !

3

BRF = .20Jm .
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The envelope and phase functions for the two-tone test
signal are

E;(0) = | cos | 4)

and

$i(0) = 51— c(0) )

respectively, where ¢(#) is a square wave with amplitudes of
+1 or —1 and cosinusoidal phasing.

Expansion of the envelope function as a Fourier series
produces '

Eo(8) =1{ao + Z A, €08 M) 6)
| m=2,4,6,
where
2
-, m =10
T
Um = 4 (—1)m=2)/2 ., (N
r o M2
A similar expansion of the switching function yields
c(0) = Z ¢y, cosnd 8
n=1,3,5,-
where
4 (—1)n—1)/2
o = 2T ©)
T n

IV. EFFECTS OF ENVELOPE BANDWIDTH

The bandwidth of the class-S modulator sets the bandwidth
Bg of the high-power envelope signal. The bandwidth of the
modulator is determined by design compromises involving lin-
earity, efficiency, and spurious products. Envelope bandwidths
from|5 to 100 kHz are typical. '

A. Theory

For a two-tone signal, the phase changes are equivalent to
reversals in the carrier polarity. Consequently, the effects of
finite| envelope bandwidth can be determined by moving the
switching function ¢(f) outside of the cosine function in (2)
and then combining it with the envelope function, thus

vo(t) = Eo(8)c() cosw .t = y(#) coswgt. (10)

If the output envelope is an exact replica of the input envelope,
then |y(8) = cosd. ‘

. The modulation function y(#) can be represented as the
Fourler series

y(0) = by cosf + bz cos 36 + bs cos 50 + - - . 11)

The coefficient by corresponds to the amplitude of the desired
sidebands; the higher-order coefficients (bs, b5, - - -) correspond
to the amplitudes of the IMD products.

The effect of an abrupt-junction filter in the envelope
channel is modeled by truncating the Fourier series (5) after
the Mth component, thus

>

Eo(8) = [ao + (12)
m=2,4,+,M

@y cOs M)
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TABLE 1 :
. C/T As A FUNCTION OF ENVELOPE BANDWIDTH FROM THEORY

BE/BRF C/Imaxz

0 17.39

1 31.37

2 3753

3 41.87

4 4523

5 47.98

6 50.31

7 52.33

8 54.12

9 55.72

10 57.17

11 58.49

12 59.71

13 60.85

14 61.90

15 62.89

Since the RF bandwidth (3) of the two-tone signal is 2w,,

) 2BE)
M =int| ——
(BRF

where “int” represents rounding to the nearest smaller integer.

The spectral components of modulation function y(6) are
produced by mixing each of the spectral components of Eo(8)
with each of the spectral components of ¢(#). Since

(13)

2 cosnf cosmb = cos(m + n)f + cos(m —n)é (14)

the coefficients by, in (11) have the forms

b1 =%[2a001 +az(ci+c3) +agles+es)+-+] (19)
bs = %[2(1063 +az(c1+c5) +as(es +er) +--] (16)
bs = }[2a0cs + az(cs + e1) + aa(er + o)

+as(c1 + c11) + as(cs + c13) + -] amn

etc.

The terms in (15)—(17) have the form am (¢jm—k| + Cm+k)-
Consequently, they eventually decrease as either 1/m3 or
1/m?*, depending whether the two ¢, are of the same or
different sign. Determination of the values of the coefficients
by is most readily accomplished numerically.

Since modulation of -the carrier by y(¢) produces two
components of amplitude bk/ 2, the carrier-to-intermodulation
ratio is ‘

(C/D)an = 201og(2/|bi])-

This C/1 ratio is defined with respect to an unmodulated carrier
(amplitude of unity).

" The resultant theoretical predictions of the C/I ratio are
shown in Fig. 3 as a function of Bg/ Bry; corresponding
values are given in Table 1. The order of the maximum-
amplitude IM product increases with Br/Bgrr, hence the
third-order IM product is not generally the maximum IM
product. For example, if Bg = 4Bry, the ninth-order product
is the largest. Simulations [11] show that the IMD for multi-
tone signals'is never larger than that of the two-tone signal.
Obtaining C/1 > 30 dBc therefore requires By > Brp, while
C/1 > 40 dBc requires Bg > 3BgF.

(18)
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Fig. 4. Variation of IMD level with envelope bandwidth (measured).

B. Measurements

The variation of the measured C /1. with Brp for Bg =
57 kHz and the best delay match is shown in Fig. 4. The stair-
step function represents the worst-case C/1 level predicted by
theory. The dashed line represents the 1.24% rms dc-linearity
error (rms deviation of the -transfer function from a straight
line) of the combined RF PA and modulator. For RF signals
of small bandwidths, the transfer-function errors dominate. For
larger bandwidths, the effects of the bandwidth of the envelope
modulator dominate and the observed IM levels transition to
those predicted by theory.

In the laboratory measurements, the third-order product is
almost always the worst IM product. Peaking of higher-order
IM products at certain values of Bg/Bgrp is not observed.
Instead; it appears' that the first three odd-order products are
dominant and of somewhat equal amplitude (Fig. 5). The value
of C/I decreases smoothly with By rather than in the stair-step
manner - predicted by theory.

The theory is based upon an abrupt-cutoff filter. In contrast,
any real filter has a gradual roll-off characteristic (four-pole
Butterworth in this case); The difference between the observed
and predicted IM behavior is likely due to a combination of
the gradual roll-off and the limits imposed by dc linearity.
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Fig. 5. Measured IMD spectrum for Voice—band\;Nidth test signal.

The laboratory measurements also cdntain low-level even-
order IM products that are not predicted by theory. These are
thought to be due to imperfect suppression of the carrier in

the SSB modulator. I

V. EFFECTS OF DIFFERENTIAL DELAY

The class-S modulator employs .a loxjv—pass output filter to
suppress the switching frequency and its harmonics. Generally,
four to six poles are required. Delay is/inherent.in any filter
and increases as bandwidth decreases. T;fypically,‘ the envelope
signal is delayed from 5 to 20 us, while the carrier signal
is delayed by only 1 to 2 ps. To minimize output IMD,
the modulator and signal- processmg circuitry must add delay
to the phase-modulated carrier to equalize the two delays.
Errors. in equalizing the two delays result in an- imperfectly
reconstructed RF signal, hence IMD.

A, Theory

The effects of differential delay can be analyzed by shifting
the alignment of the envelope and phase sw1tch1ng functions
as shown in Fig. 1. The effect of mismatched envelope and
phase waveforms is to invert the polanty of the (DSB/SC)
amplitude-modulation function y() during two parts of the
cycle. The resultant IMD is then equ1valent to an additive
function u{r).

For convenience in analysis, it is preferable to advance the
phase-switching waveform rather than to retard the envelope.
The equivalent amplitude-modulation functlon for the output
signal is therefore ‘

y@)zk%ﬂd€+ﬂ:m$€+uw)' (19)
where .
—2cosl, w/2-—T<0<7/2
u(f) = ¢ —2cosf, 3r/2 - Tg 0<3m/2 20)

0, otherwise.
The differential delay 7 in radians is reléted to the differential
delay in seconds (At) by |
T 1 T 2 LT

Ab= LT 2 .
27 fm 27 Brr | *BrE

02y
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Fig. 6. IMD levels for nonzero differential delay (theory).

Since only the magnitude of the IMD products is of interest,
it is [more convenient to analyze
~-2sinfd, 0<f<T ;
u’(&):{—2sin9, r<f<m+T
0, otherwise.

(22)

To determine the IMD products, u/(f) is expanded into the
Fourier series

o' () = Z(ak cos kb + by sin kf).
k=1

23)

(This ay, and by, are not the same ay, and by, used in the previous
section.) :

Symmetry dictates that the even-order coefficients are zero.
The |odd-order coefficients are

ak =(—4/7r)/ sin 0 cos k6 df (24)
0
1—cos(k+1)r cos(k—1)r—1
= (- . (@25
( 2/”){ k+1 k-1 =
For |z] € 1‘, cos z = 1 — 2% /2. Therefore, for kT < 1
. (412722 (k> 1)
ar = 2/”)[ k+1) k-1
= (—2/m)r% (26)
Similarly
by = (—4/7r)/ sin fsin k6 df Q7
0
sin(k - )7 sin(k + 1)
—(_ _ .28
( 2/7r){ k—1 i+ 1 28)
For|kT < 1 ;
~ (k—L7 (k+D7] _
be = ( 2/71')[ e i ~ 0. (29)
For [small delays, the magnitude of the IM product is therefore
approximately
| er = (af +02)Y? = Jag| = (2/7)72 (30)

22717

TABLE 1I
C/T as A FUNCTION OF DIFFERENTIAL DELAY FROM THEORY
At BRF C/ImaX7
0.010 70.06
0.015 63.02
0.020 58.03
0.025 54.16
0.030 51.00
0.035 48.33
0.040 46.02
0.045 43.99.
0.050 42.17
0.060 39.03
0.070 36.39
0.080 34,12
0.090 32.12
0.100 30.34
0.110 28.75
0.120 27.30
0.130 25.98
0.140 24.78
0.150 23.66
0.200 19.17
0.225 17.44
0.250 15.96

The theoretical prediction of C/I as a function of delay
is shown in Fig. 6 with corresponding values in Table II.
Obtaining C/I >30 dBc requires At < 0.1/Bgy, while C/I
>40 dBc requires At < 0.057/Bgp. For speech-bandwidth
signals (Brr = 3 kHz), 30- and 40-dBc C/I requirements
imply differential delays  of no more than 34 and 19 us,
respectively. The IMD spectrum consists of odd-order prod-
ucts whose amplitudes decrease slowly with increasing order.
Simulations [11] show that the IMD for multicarrier signals is
generally lower than that for a two-tone signal.

B. Measurement

An RF bandwidth of 20 kHz produces good sensitivity
of IMD levels to changes in delay while keeping the delay-
related IMD’s below those due to finite envelope bandwidth
and dc nonlinearity. Measured IM spectra produced by near-
optimum and 6-us differential delays are shown in Fig. 7.
The odd-order IM products dominate. While the roll-off is
not flat [as predicted by the approximation in (30)], it is
slow. The differences between upper and lower sidebands are
probably due to constructive and destructive combinations of
IM products from different sources.

The variation of C/1,,,x with the delay added to the carrier
(phase modulation) is shown in Fig. 8. The best C/I is obtained
with tp = 7 us, as expected. The maximum C/I is limited
by both dc nonlinearities and the finite envelope bandwidth.
However, the theoretical predictions match the measurements
closely when the differential delay is sufficiently large to allow
the delay-related IMD to be clearly dominant. In this region,
the predicted change of 6 dB with doubling of the -delay is
readily observed.

VI. CONCLUSIONS AND RECOMMENDATIONS

The measurements presented here generally verify the the-
oretical predictions for the IMD produced by finite envelope
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Fig. 8. Variation of C/I with differential delay (measured).

bandwidth and nonzero differential delay in a Kahn-technique
transmitter. The errors between theory and measurement are
within the limits of the known measurement errors. The
theory can therefore be used with confidence to determine the
requirements for EER transmitters.

Discrepancies in the roll-off of the TM products and the
presence of several low-level products of unknown origin
suggest further investigations in the following areas:

1) effects of real (nonabrupt) envelope filters;

2) IMD levels for tones with unequal amplitudes;

3) IMD due to finite carrier bandwidth;
4) spurious products inherent in PWM.
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