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Abstract—A novel technique to linearize frequency multipliers
for use in high-frequency transmission of digitally modulated
signals is presented. Using this technique, a bandpass signal
containing both amplitude and phase modulation can be trans-
lated without distortion to a higher frequency via nonlinear
frequency multiplication. A theoretical analysis is performed
to identify the bandpass transformation of the signal envelope
in highly nonlinear devices in a manner such that its inverse
transformation may be estimated. The theory was validated on
a 2.46-GHz Schottky-diode frequency tripler constructed by the
authors and on an 820-MHz commercially available frequency
doubler. As predicted by the theory, the devices showed highly
nonlinear characteristicsin terms of their AM/AM, AM/PM, and
PM/PM distortions. Adaptivelookup-table- and polynomial-based
predistortion systems were designed and constructed to linearize
the frequency multipliers. The predistortion results show a fair
amount of improvements in adjacent-channel power ratio and
error vector magnitude.

I ndex Terms—Adj acent-channel power ratio (ACPR), frequency
multiplier, linearization, nonlinear distortion, predistortion,
Schottky-barrier diode.

|. INTRODUCTION

REQUENCY multiplication is a well-known technique

for the generation of high-frequency local-oscillator
signals[1]. Thistechnique is preferred when alow phase-noise
signal at high frequency is required, but is beyond the practical
range of fundamental-mode oscillators and phase-locked |oops.
Generally, harmonic generation is done by utilizing the non-
linear characteristics of components such as varactor diodes,
step-recovery diodes (SRDs), and Schottky-barrier diodes [2],
[3]. Active components such as field-effect transistor (FET),
MESFET, and high electron-mobility transistor (HEMT)
devices are al'so used to achieve conversion gain [1], [4], [5].
As aresult of the highly nonlinear distortion used to generate
harmonics, any amplitude modulation (AM) that is present in
the signal is also highly distorted. Moreover, phase modulation
(PM) undergoes alinear multiplication by the same order asthe
frequency multiplication. Frequency modulation (FM) may also
be used in conjunction with frequency multipliers with alinear
scaling in modulation index, but without nonlinear distortion
of the baseband envelope. However, the use of AM is often
precluded due to the highly nonlinear nature of frequency mul-
tipliers. In [6], we demonstrated that frequency multipliers may
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be used for bandwidth-efficient digitally modul ated signals that
contain both AM and PM if the distortion is compensated at the
device input. In this paper, we expand on that presented in [6]
by developing a theory of nonlinear bandpass transformations
and show how they may be accurately compensated within
their harmonic zones by applying adaptive digital predistortion
linearization techniques.

Predistortion linearization is a known technique for reducing
distortion in RF power amplifiers (PAs) [7], [8]. The RF PAs
used in such systems are generally operated in class AB as
a means to trade off linearity for efficiency. Predistortion lin-
earization involves modifying the device input signal to coun-
teract the signal distortion that arises from gain compression
(AM/AM distortion) and phase deviation (AM/PM distortion).
This is most accurately done by performing mathematical op-
erations on the baseband signals using digital signal processing
(DSP). Moreover, theuseof digital techniquesallowsthe system
to adapt over changes in voltage, temperature, and other envi-
ronmental factorsif afeedback path isincorporated. Inthe usual
architecture, the predistorted signals are converted to analog
formand upconverted to the operating frequency, then applied to
the PA input. Intermodul ation distortion (IMD) products may be
suppressed by 10-20 dB using these techniques. Besides PAS,
some researchers have also examined the characterization and
predistortion of frequency mixers[9]-{12]. Asfar as frequency
multipliers, most of the research has been focused on their op-
timal design for better conversion loss under saturated opera-
tion. Very little attention has been paid to using these as fre-
guency tranglation devices other than for FM signals. In this
paper, we present the first results of applying adaptive digital
predistortion to frequency multipliers for the transmission of
complex modulated signals. For validation of our theory, two
frequency multipliers of different orders were tested. A deriva-
tion of bandpass frequency multiplication is devel oped and pre-
sented in Section |11, following Section |1, which presents some
background in practical Schottky-barrier diode frequency mul-
tipliers. In addition, a description of the adaptive predistortion
algorithms used for the identification and predistortion of fre-
guency multipliersisalso givenin Section I11. Section IV shows
the measured results of the predistorted frequency multipliers.

II. BACKGROUND

Diode circuits are often adopted for harmonic generators
at high frequencies. Those diodes can be varactors, SRDs,
or Schottky-barrier diodes. Varactor multipliers rely on a
nonlinear C(V') characteristic, and are often employed when
very low noise multiplication is desired. Multiplication orders
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Fig. 1. Circuit diagram of an odd-order frequency multiplier.

of 3-5 may be obtained. However, varactor multipliers are
generaly narrow-band. SRDs are used for high harmonic
generation dueto their abrupt reverse recovery properties. They
aso have the disadvantage of being narrow-band. Schottky
multipliers generate harmonics by the exponential behavior of
the 1-V characteristics, and are often restricted to multiplication
factors of no more than three. However, Schottky multipliers
have significant advantages over reactive multipliers or SRDs
in that they are inherently broad-band. Active multipliers
generally employ bipolar or field-effect devices, which aso
have exponential responses over some portion of their usable
range. As such, the analysis of Schottky multipliers may be
easily extended to active multipliers.

Equation (1) shows the current through a Schottky diode asa
function of the applied voltage V(t) [1] as follows:

I=1,[exp(z) — 1] (1)

where
x gV (t)/kT,;
electron charge;
Boltzman constant;
» absolute temperature;
diode saturation current.
By applying a Fourier series expansion to this equation, we
can see the frequency components where amultiplier counts on

+2§:I

where I,,(z) is the modified Bessel function of the first kind,
which determines the level of the harmonic components.

Based on the harmonic frequency components, a ssimple
frequency multiplier can be built by connecting a pair of
diodes in antiparallel full-wave rectifier fashion, depending on
the desired order of harmonic. In addition, input and output
circuits must have proper matching circuits that should be
seen as open circuits at desired frequencies and as short at all
other harmonics. An example of an odd-order diode frequency
multiplier is shown in Fig. 1. The circuit can be configured as
an even-order multiplier as well by changing the direction of
diode currents. In other words, antiphase current of parallel
diodes cancels odd harmonics, while the in-phase current
of antiparallel diodes cancels even terms. For each case, the
current through the load is represented as follows:

—1+2§:bn

Even order multi pller

N e

I=1, )

COS nwt

Tiota1 = 21, cos(2nwt)

©)
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Tiota1 =41, {i[2n+1(l') cos [(271 + 1)wt] } :

1
Odd order multiplier. 4
I1l. ANALYSIS
A. AM/AM, AM/PM, PM/PM Distortions

A complex-modulated bandpass input signal can be repre-
sented as

2(t) = (5)

where x1,(¢) is the complex baseband signal with magnitude
A(t) and phase 6(t). When this signal isfed into a memoryless
nonlinear device, its complex output can be expressed by the
power series

Re [zL(t) - /'] = A(t) cos (wot + 6(t))

=Re {i O [xL(t) . cjwot]"}
=Re {i an [A(t) : ej“”t"'e(t)} n}

n=0

(6)

where a,, isacomplex power series coefficient.

Note that this is the baseband representation including all
the harmonics generated from the device’ s nonlinearity. In most
cases, we areinterested only in one bandpass zone: fundamental
frequency for PAs and nth zone for frequency multipliers. The
relationship between the input and output at the fundamental
frequency (first-zone response) has been obtained [13]. For the
extraction of the nth zone response, let us take only odd har-
monic responses into account. Applying the Chebyshev trans-
form [14] to (6), the nth zone response can be described as fol-
lows and distortions can be identified by truncated power series
forms of the highest order Q:

Un(t)
[ @-v ) .
a2n m+ 17 n inw

=Re| }. 222:1 nt1 |len@® T g (e et

D “FT

[ o 2 1

2 m_"_ ' '
—=Re Z _CLQ;’::l n41 A(t)QnH—lcjnﬂ(t)Cjnwot
_(n—1) 2 m+T

L=

=Re g(A(t))Cj(n'zuot-l-‘nﬂ(t)-kf(A(t))):| 0

with (8) and (9), shown at the bottom of the following page.

Equations (8) and (9) represent AM/AM and AM/PM dis-
tortions, and they are approximated by truncated power series
with real coefficients ay,,,,; and b, ;, respectively. It is no-
ticeable that, in the AM/AM distortion function g(-), the dom-
inant term is generally related to A(¢)™, resulting in the power
transfer dope of n : 1 in decibel scale.

In addition to the conventional distortions from the device
nonlinearity, there exists another distortion arising from the fre-
quency-multiplication process, which we call PM/PM distor-
tion. This can be seenin (7), where 6(t) is multiplied by .
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In frequency multipliers, noise analysisis often performed by
adopting the modulation transfer matrix [15]. We can apply this
theory to the case of distortion analysis as well as follows:

Mout | _ Taa Tap Min Madd

|: eout :| o |:Tpa Tpp :| |: ein :| + |: eadd :| (10)
where m and 6(t) arethe AMs and PMs, respectively. The sub-
scriptsin and out denoteinput and output, the subscript add de-
notesthat the noiseis an additive component. The basic assump-
tion in this type of anaysis is that the noise is stationary and
Gaussian. The T’s terms represent AM/AM, PM/AM, AM/PM,
and PM/PM modulation transfer coefficients. By expanding this
modul ation transfer matrix to handle nonlinear distortions asde-

scribed above, and by limiting the highest order of nonlinear se-
riesto (2, (7) and (10) can be combined as

ngﬁéﬂ B [3 ﬂ {emw} ()
where
G= [a; Uy 2 a’Q}
F:[b% ’/ﬂ+2 ’Q}
M=[A@ AQ™ L A0°] . )

G and F are coefficient matricesto represent g(-) and f(-), as
in(8) and (9), and M istheinput-magnitude vector. Inthe distor-
tion analysis of frequency multipliers, we consider the random
noise contribution from the device to be negligible compared
to the nonlinear distortion components. Thus, the additive noise
vector was dropped in (11). This extended transfer matrix en-
ables us to easily express and understand the distortion that
arises from nonlinear frequency multipliers. In applying (11),
the resulting output nth zone output signal is expressed as

Gn(t) = Re [mou (e Oei=] (13)

Sectionll1-B discussesthe methods used to derivethe original
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Fig. 2. Block diagram of an adaptive predistorter.
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B. Adaptive Predistortion Methods

Asshownin Fig. 2 and based on (11), the system’ sinput and
output relations are represented by

Z,=T,X, : Predistorter

Y, =T,Z; : Nonlinear device (14
where
G, 0 |Gy O
T, = [Fp HJ and T, = [Fg HJ (15)

are the modulation transfer coefficient matrices for the predis-
torter and nonlinear device, respectively, and

s
7., =
_92}
e
Y, =
_HJ
M
X, =
= }
™
Z, - Z} (16)
L0z

are output and input vectors, as defined in (11).

The device’s modulation transfer matrix T, is found by the
least squares method from measured data Y, and Z,; that are
measured at the input and output of the device

input signal from the output described in (13). T,=7ZY! (YOYOT)_1 ) 17
(@-1 — (@=1)
a ™m m 12 T
g(A®) =| Y ;2,:1 ( n+1 ) AP = YT ab,, AT
_(-1 m+ —— _(-1
V=" 2 m=-—
i i ®
@ gy, 2m + 1
Im Enli_(”*m ;27:1 <m + n+1 )A(t)QnH—l (R—1)
F(A(t)) = arctan L 2 2= ) b AR 9)

Q-1
Z

E A2m+1 2m + 1
m= _(”QU 22m m+

n+ 1 )A(t)?rn—l—l
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Fig. 3. Schematic of the Schottky diode frequency tripler.

Moreover, the predistortion transfer matrix T, is calculated
in the same way as follows:

T, =2,Y! (Y,)YD)™ (18)
where T, represents the inverse of the nonlinear function when
Y ; isthe measured output of the nonlinear device formed asthe
input vector in (16). However, since the statistical distribution
of Y, isnot the same as X;, which is the input of the predis-
torter, the T, matrix calculated by (18) does not provide the
best pre-inverse function for the predistortion system. However,
an iterative method may be employed to improve T',, to find the
solution that minimizes the distortion, and provides a better so-
lution for the given measured input and output data.

Another way to find the inverse of a nonlinear device is by
iterative generation of alookup table (LUT) based on measured
input and output data. Although it may introduce errorsfrom the
quantization of LUT indexes, it can theoretically find aninverse
solution for any order of nonlinearity. Moreover, the LUT-quan-
tization error can be reduced by compromising the convergence
time and the number of input indexes [8].

IV. MEASUREMENT RESULTS

For the validation of our predistortion theory, two different
deviceswere examined. A Schottky diode frequency tripler was
designed by the authors for an output at 2.46 GHz, as shown in
Fig. 3. The Schottky diodes are Agilent’'s HSMS-2852. In ad-
dition, aMini-Circuits MK-2 frequency doubler was purchased
and tested to produce an output at 820 MHz.

A. Characterization of Devices

A continuous wave input signal at 820 MHz was fed into the
frequency tripler and power swept to measure its fundamental-
and third-zone output power. Theresultsare showninFig. 4. As
expected, the third-zone curve shows a 3: 1 slope over arange
of almost 15 dB. Beyond this range, the slope is compressed
because of the saturation of current through the Schottky diodes
producing relatively strong higher order harmonics. In contrast,
nearly a4 : 1 dlope was observed with the Mini-Circuits doubler
on the second-zone responses, as shown in Fig. 5, indicating
strong nonlinearity was taking place.

For the extraction of AM/AM, AM/PM, and PM/PM
responses, a quadrature-modulated signal was fed into the
devices, and the output signal was downconverted to an IF fre-
quency. It was then digitized and demodulated. By comparing
magnitudes and phases of input and output signals, AM/AM,
AM/PM, and PM/PM responses can be found to form (11).
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Fig. 4. Measured first- and third-zone transfer characteristics of the diode
tripler.
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Fig. 5. Measured first- and second-zone transfer characteristics of the diode
doubler.

The extracted responses for each device are illustrated in
Figs. 6 and 7. From this data, we can clearly see the amplitude
and phase nonlinearities are much more severe than those
in PAs. Also note in the PM/PM graph that the slope of
the asymptatic line represents the phase multiplication. The
bunching of data points in 90° increments occurs because the
input is an oversampled quadrature phase-shift keying (QPSK)
signal. For lower input levels, the output amplitude is nearly
zero due to the turn-on voltage of the Schottky diodes. As a
result, phase measurements have relatively high variances at
lower inputs. While passive diode multipliers serve as useful
circuits to validate the theory, the conversion loss is quite high
in the range of dominant third- or second-order operation.
A more practical approach might be to use active elements
(bipolar junction transistors (BJTs) or MESFETS) to achieve
some conversion gain in the harmonic generation processes.
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Fig. 6. Measured characteristics of the frequency doubler. (8) AM/AM and
AM/PM responses. (b) PM/PM response.
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B. Adaptive Digital Predistortion Results

A polynomial-based adaptive digital predistorter was built to
find the exact memoryless nonlinear models of devices and to
predistort them. As described in the previous section, a com-
plex modulated signal is generated in a PC, and loaded into an
Agilent E4432B arbitrary waveform signal generator. For each
of frequency multipliers, the predistortion modulation transfer
matrix T, was extracted from the measured data. Based on T,
a predistorted signal set was generated, loaded into E4432B,
and upconverted to RF. The original input was an 1S-95B for-
ward-channel signal at 820 MHz for the tripler and 410 MHz
for the doubler. The output signals were taken at 2.46 GHz,
and 820 MHz, respectively. To further guarantee the conver-
gence of the polynomial-based predistorter, a LUT-based pre-
distorter was built as well. The LUTs are updated by the least
mean-squares method [16]. By comparing the results of two
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Fig. 7. Measured characteristics of the frequency tripler. () AM/AM and
AM/PM responses. (b) PM/PM response.

predistorters, we can see that our theory is applicable to
both types of predistorters; also be assured that the polyno-
mia can stably express the nonlinearities coming from the
frequency-multiplication process. The performance of the
predistorter was verified by the output spectrums that are
presented in Figs. 8-10. The predistortion result of the tripler
is shown in Fig. 8. The original uncompensated output signal
was widely spread over 3 MHz due to the phase multiplication,
resulting in an adjacent-channel power ratio (ACPR) of almost
4 dBc. The adaptive digital predistortion improved the ACPR
to 34 dBc at 885-kHz offset from the center frequency. After
predistortion, someresidual third-order regrowth still exists due
to the truncation in the series. A similar result was observed
with the predistortion of the doubler, which is shown in Fig. 9.

Theresult of LUT-based predistorter of the frequency tripler
isin Fig. 10, which shows a 3-dB better suppression of IMDs.
The AM/AM LUT entry after predistortion of the frequency



PARK AND KENNEY: ADAPTIVE DIGITAL PREDISTORTION LINEARIZATION OF FREQUENCY MULTIPLIERS

a Mkrl -898 kHz

Ref -20 dBm Riten 5 dB 31.13 dB
Samp
Log ¥
10
dB/
ay ].... Without
Marnker Start ?‘“f‘ﬁﬁ e Predistortion
A ] . ]
246089000 6Hz | | || | L., !
wr i ; Tk er o
YAy 31.13 ¢B ! L‘ .51, Predistortion
18 il efl x L
Y1 W2 o @l Py
$3 FC ot »MWW’L?‘W P i, SN YRR
aa et Yy
i Q"“"'ﬁ"»@
Center 2.46 GHz Span 1@ MHz
#Res BH 19 kHz VBH 3 kHz Sweep 416.7 ms (401 pts)

Fig. 8. Measured result of polynomial-based predistortion of a frequency
tripler.
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Fig. 9. Measured result of polynomial-based predistortion of a frequency
doubler.
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Fig. 10. Measured result of LUT-based predistortion of afrequency tripler.

tripler is expressed by decibel scalesin Fig. 11. Notice that the
slopeis —2/3: 1 over 10 dB of input scale. This verifiesthe ob-
servation in Fig. 4 that the dominant slope is 3: 1. Therefore,
its predistortion gain has to be mainly of theform ¢/1/z2. The
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Fig.11. Measured LUT resultsfor an1S-95B input after adaptive predistortion
of afrequency tripler.

in-band error vector magnitude (EV M) was reduced from nearly
100% before predistortion to around 7.3%.

V. CONCLUSIONS

This paper has presented a theory and demonstration of pre-
distortion linearization applied to frequency multipliers. The
theory was based on baseband predistortion of the input enve-
lope, and the estimated response using the extended transfer ma-
trix was introduced to describe distortions related to frequency
multipliers. A simulation model of a frequency tripler imple-
mented on ADS showed that a LUT-based digital predistorter
can adaptively correct for AM/AM, PM/PM, and AM/PM dis-
tortion to improve IMD to better than 40 dBc. To verify this
theory, a Schottky diode frequency tripler and doubler at dif-
ferent frequencies were measured for the frequency multiplica
tion of an 1S-95B CDMA signal. The frequency tripler showed
a3: linput and output power relationship for most of the input
range, whereas the doubler showed higher than 2: 1 slope, in-
dicating higher order distortions are affecting the second-zone
power transfer characteristics. Moreover, phase multiplications
of the baseband signal were observed for both devices. Adap-
tive digital predistorters based on polynomial series and LUT
algorithms were implemented to correct the AM/AM, AM/PM,
and PM/PM distortions for the second- and third-zone nonlin-
earities. The results of the two agorithms, implemented on a
test-bed, achieved over 31-dB improvement of the ACPR with
an EVM of 7~8% for al multipliers. Without predistortion,
those metrics were approximately 4 dBc and 100%, respec-
tively. The resulting LUT entry from the predistortion of the
tripler mainly represents —2/3: 1 slope in logarithmic scale to
compensate for the 3: 1 slope without any predistortion applied
to the device. From the results of our research, we can conclude
that it is feasible to use predistorted frequency multipliers to
transmit digitally modulated signals.
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