446 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 50, NO. 2, FEBRUARY 2002

New Predistortion Linearizer Using Low-Frequency
Even-Order Intermodulation Components
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Abstract—We present two types of new predistortion lin- and IM5 (fifth-order intermodulation) using low-frequency
earizers using low-frequency even-order components. One adopts even-order terms, are proposed. The low-frequency even-order
an in-phase and quardrature balanced modulator as a gener- |\ (intermodulation) components could generate the odd-order

ator of the third-order intermodulation (IM3) and fifth-order .
intermodulation (IM5) components anél th?a other adopts a in-band IM terms when they are modulated by the fundamental

double-balanced diode mixer. Both types are very compact and Signal. The even-order harmonics are very low-frequency
could independently control the amplitudes and phases of the components and the predistorters based on the concept have

intermodulation (IM) components. We have analyzed the delay very compact circuits and lower gain losses than other analog
mismatch effect of these predistortion circuits. The result shows methods.

that the IM5 components are twice as sensitive than the third low-f d-ord .
ones. Two types of predistorters are implemented and tested at A low-frequency second-order IM component(— wy) is

the International Mobile Telecommunications-2000 band. Two generated by a nonlinear power amplifier and then the fourth-
tone test results show that the IM3 cancellation is about 23-25 dB order component2w, — 2w:) is generated by multiplying it,
and the IM5 is cancelled by about 12-20 dB for both cases. The ysing an analog multiplier. We have implemented two circuits

adjacent channel power ratio is improved by over 11 dB at the : : : . :
broad-band CDMA signal with a chip rate of 4.096 Mc/s, and for the third and fifth harmonic generations and their controls. In

this improvement is maintained through a broad range of output  th€ firstcircuits, we have used an in-phase and quardrature (I/Q)
power level. balanced modulator to properly generate the IM3 and IM5 com-
Index Terms—ACLR, base station. CDMA, feedforward, inter- ponents. In the second C|rcu_|ts, we have used the nonlinearity of
modulation, linearizer, power amplifier, predistortion, MCPA, @ double-balanced diode mixer as the IM3 and IM5 generator.
SCPA. A description of the proposed circuit topologies and analysis of
the delay mismatch effect in the predistorters are presented in
Sections Il and Ill. The delay mismatch could lead to a perfor-
mance degradation in the predistorters due to phase mismatches,
OR THE base station of wireless communication systerast in a different way from a feed-forward method. At the In-
with varying envelop modulation, such as QPSK or 1fernational Mobile Telecommunications-2000 (IMT-2000) fre-
quadrature amplitude modulation (QAM), a highly linear powejuency band, two-tone tests and broad-band CDMA tests are
amplifier is essential. For the multicarrier power amplifierperformed, with the results shown in Section IV. The results
(MCPAs) of the base station, a feed-forward technique jgove thatthe proposed predistortion linearizers have a good ca-
generally adopted due to its extremely linear and broad-bapability of independent cancellations of the IM3 and IM5 com-
characteristics. However, the feed-forward technique demangments of high-power amplifiers.
both large and expensive circuits because of its complexity.Generally, the predistortion techniques have three major per-
It has two cancellation paths, delay lines for each path phgsemance degradation factors, which are not observed in the
adjustment, an auxiliary error amplifier, and a complex contréded-forward method. These factors could explain the cancel-
circuit [1]-[8]. Hence, more compact and lower cost linearizaation limit of the predistorter and could offer a design guide.
tion techniques, i.e., various predistortion methods [9]-[14for the two-tone input, these factors are explained as follows.
are extensively used for the single-carrier power amplifiers
(SCPAs) of the base statpn anc_j rel_ay sy_stems. A. IMD Characteristic Variations for Different Tone Spacings
Most of the analog predistortion linearizers have focused on
the reduction of the third-order intermodulation (IM3) com- It is very difficult to design high-power amplifiers with
ponents. However, the higher order component cancellationiform intermodulation distortion (IMD) characteristics with
becomes more important since the high power amplifiers aiespect to tone spacings. The characteristic variations can be
generally operated at highly nonlinear class-AB mode. Frooaused by a large memory effect, a thermal effect, and most
this point-of-view, new predistortion techniques, which havienportantly, nonuniform band characteristics of the multistage
the capability of independent generation and control of the IM8gh-power amplifiers [15], [16]. In this case, the optimum
IM cancellation point can be slightly different for the different
Manuscript received May 18, 2000; revised February 15, 2001. input tone spacings. This limitation could be mitigated by
The authors are with the Department of Electronic and Electrical E& main amplifier with properly designed bias and harmonic
gineering, Microwave Application Research Center, Pohang Universifarmination circuits to have a uniform IMD characteristics for
of Science and Technology, Namku Pohang 790-784, Korea (e-mai; . o .
alice@postech.ac.kr; bmkim@postech.ac.kr). ifferent tone spacings [15], [16]. However, it is still a tradeoff
Publisher Item Identifier S 0018-9480(02)01156-0. between simplicity and performance.
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Fig. 1. Block diagram of the new predistortion linearizer using an I/Q balanced modulator as an IM generation circuit.
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Fig. 2. Operational diagram of the predistorter using an I/Q balanced modulator.

B. IMD Characteristic Variations With Input Power Levels  signal, respectively, and have small phase variations along the

The amplitudes and phases of the IM components of class-ABput power level. Therefore, they cannot cancel the two har-
amplifiers vary rapidly according to the input power level, esp&ONic components simultaneously for the broad power level.
cially at high-power levels. However, most of the predistorters
generate the IM3 and IM5 components using the third- arel Effects of Higher Order IM Terms
fifth-order terms of a nonlinear transfer function, respectively.

Thus, IM3 and IM5 generated by the predistorter have the gainGeneral predistorters concentrate on the cancellation of
slope of three and five times larger than that of fundamentile IM3 component and the more extended ones consider the
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Fig. 3. Block diagram of the new predistortion linearizer using a double-balanced diode mixer as an IM generator.

fifth-order term. The higher order IM components could gend; and Hg signals consist of the second- and fourth-order
erate serious distortions, especially for high-power amplifiergerms
To design predistortion linearized power amplifiers, a proper H;=Hy Ay + Hy - Ay
consideration of the above-mentioned three degradation factors — AAGaA [( _ )t]
should be taken into account and appropriate tradeoffs should be 2410 21 €08 [{W2 = Wi
made. To develop a good linearized amplifier, the predistorter + 1A§A§G§A4I cos [(ng _ le)t] ©)
should have the capability to independently control the ampli- Ho— 2A oA
tude and phase of its IM components with a few tuning param- Q = Hz - tag 4y g
eters and the main amplifier should be designed with consider- = Ay A1GaAzq cos [(w2 — wi)t]
ation of the IM components matched to the predistorter’s. I %A%A%G(%Aw cos [(2w2 B 2w1)t] (4)

where Ap; and A are the gains of the voltage-controlled
VGAs for the second-order components, which could ex-
A. Predistorter Using an I/Q Balanced Modulator hibit positive as well as negative polarith,; and A, are

Fig. 1 shows the block diagram of the predistorter using A€ fourth-order component amplification factors including
I/Q balanced modulator as an IM generation circuit. The totmultlplfer. Gq Is the second-order nonlinear transfer function
circuit has three parts, i.e., the detection circuit, the harmor’ﬁeeﬁ'c'_ent of the detector.
control circuit, and the 1/Q balanced RF modulator. The detec-The in-phase and quadrature parts of the IM generator func-
tion circuit consists of an RF amplifier, which generates haflons are as fOIIOVE:
monic components. We take the low-frequency second-order Sy=5r+Gm-Sr-H; (5)

IM component > — wy) from its drain bias circuit. A series Sqo=S5g+Gm-Sq-Hg (6)

inductor and resistor are connected to chokeuthe- w; COM-  \\hareq.  is the second-order cross-modulation coefficient of

ponent from the dc voltage source and the dc source is blockgd v generator. The final output is an in-phase combination of

using a large coupling capacitor. in-phase and quadrature modulated signals. For simplicity, the
_The hgrmomc_cc_)ntrol circuit consists of an analog multig,, o, output Sour can be represented as a phasor form with a

plier, which multiplies thew, — w; component to make thefrequency component as an index as follows:

fourth-order component{. — 2w;). The signals are applied

Il. LINEARIZERS

to the variable gain amplifier (VGA) through the dc blocking Sout, vy =8Lw, +8q,u

capacitor. It adjusts the phases and amplitudes of the IM3 and =A1/0° + A; /90° (7)
IM5 components at the I/Q balanced modulator. The input signal SOUT,ws =SLws +5SQ.ws

is RF modulated by the low-frequency components in the 1/Q = Ay /0° + Ay /90° ®)
mode. The output becomes the input signal with predistortion

harmonics. SOUT, 205 —w1 = GmGaA1 A3 [ A2 L0° + Ay 290°]  (9)

The operational diagram of the predistorter is shown in Fig. 2. SOUT, 2e, —ws = GmGaAT A2 [A31£0° + Ay /90°]  (10)
For the two-tone input, the balanced I/Q signals are given b 1 o o
P Qsig 9 y SOUT, 8wy —20q = §GmG(21A§A§’ [A4r20° 4+ Ay 290°]

Sr=8rn = Ay - cos(wrt) + Az - cos(wat) Q) ) (11)
T - SOUT, 3wy —2ws — §GmG(21A%A§ [A4[ /0° + A4Q 1900]
Sg =A; - cos <w1t + 5) + A, - cos <w2t + 5) 2) (12)
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. 4. Simplified block diagram to analyze the delay mismatch effect.

IM3 Cancellation Capability [dB]

45 1 ) 1 1

15
Tone Spacing [MHz]

@)

20+

-251

IM5 Cancellation Capability [dB]

30

.40 I 2 L I
o 0.5 1 1.5 2

Tone Spacing [MHz]
(b)

Fig. 5. Calculated cancellation capability versus the fundamental tone spacing
for the various mismatched delays. (a) For the IM3 cancellation capability.

(b) For the IM5 cancellation capability.
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Fig. 6. Main amplifier characteristics when a single tone is applied.

B. Predistorter Using a Double-Balanced Diode Mixer

Fig. 3 shows the block diagram of the predistorter using a
double-balanced mixer as an IM generator. The detection circuit
and multiplier to generate the low-frequency fourth-order term
are the same as the first type. However, the IM3 and IM5 gen-
eration and control paths are different. The amplitudes of IM3
and IM5 are adjusted at the low frequency using a VGA and the
phases are adjusted at the RF band.

The input signal is split into the fundamental and the error
generation paths. The signal in the error generation path is split
again into the IM3 and IM5 generation paths. In the IM3 gener-
ation path, the signal is injected to the local-oscillator (LO) port
of the double-balanced diode mixer, then is mixed with the IF
port signal, which is the detected and amplified low-frequency
wo — w1 component. A pure IM3 signal is generated at the RF
port due to the port isolation characteristics of the double-bal-
anced mixer. Therefore, any complex cancellation circuits for
the fundamental signal in the IM generation paths are not re-
quired in this case.

As in the same way as the IM3, the IM5 is generated from
the2ws, — 2w; component. These IM signals are combined with
the main signal after independent phase adjustment. This pre-
distorter has simpler low-frequency circuits and a little more
complex RF circuits than the first type using an 1/Q balanced
modulator.

Ill. DELAY MISMATCH EFFECT

To analyze the delay mismatch effect of the predistortion cir-
cuits described in the previous section, a simplified block model

Since the magnitudes and polarities 447, A>q, Asr, and s ysed, as shown in Fig. 4. For simplicity, the second-order
A4 can be adjusted, there is freedom to independently cQiefficients of the transfer functions of the detector and IM
trol the magnitudes and phases of the IMBoUT, 2c—w1»  generator are assumed to be unity. Let the mismatched delay

SOUT,%wl—wz) and IMS SouT, 30, —201s SOUT, 801 -202)s  of the low-frequency circuit be,;. The delayed low-frequency
respectively. However, the fundamental components @f.snd-order term is given as

SouT,., andSpur,., do not fluctuate due to the different
magnitude and phase adjustment of the IM3 and IM5 terms

sinceA;, 4, G,,,, and@, are constants. Hj g = cos [(wy — w1)t — (w2 — w1)7a). (13)
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Fig. 7. Linearization results of the predistorter using an I/Q balanced modulator. (a) For a two-tone test spectra. (b) For a broad-band CDMithspebtpa w
rate of 4.096 Mc/s and an average output channel power of 28.17 dBm. (c) For ACLR versus average output channel power of a broad-band CDMA signal at
2.5-MHz offset frequency.

The Sour's of the IM3 components are represented as  the delay mismatch increases and the tone spacing becomes

wider.
SOoUT, 2ws—wy =1/—(w2 —w1)Ta (14)

SOUT, 261 —wy = 1Z4(ws — w1)7u. (15) IV. EXPERIMENTAL RESULTS

To validate the proposed predistortion linearizers, two types
From (14) and (15), the phase of the upper BT, 2..—w1)  of the predistorters are implemented. In both cases, we have
of the IM3 is decreased b — wi)7a and the phase of the ;04 the same detection circuits. They consist of Mini-circuit’s
lower part Sour, 2.., —,) Increases by the same amount. Thigp o 55\ a5 a low-frequency second-order IM generator, a

prqperty could lead to a serious performance degfadation: "rgb—Q load resistor as an RF termination, an RF choke inductor, a
tation on the amount of cancellation and cancellation unbalarg:@rieS inductor, a resistor to choke a deteated w, signal, and
between the upper and lower part of the IM3. . large capacitor to bypass the detected signal. The analog cir-
In the same way of the IM3, the effect of the phase m'smat%ﬁits including a multiplier, voltage-controlled VGA, and adder
of IM5 due to the delay, can be calculated as are designed to have at least 25-MHz bandwidth for broad-band
linearization. The VGA was designed to have a positive or a neg-
ative gain polarity according to the control voltage. The analog
circuits’ delay is compensated by a coaxial delay line, which is
Equations (16) and (17) show that the IM5 cancellation is twiggout 18 ns in this experiment.
as sensitive to the phase mismatch than the IM3 cancellationThe IM generation circuit of the first type consists of var-
This delayed mismatch effect is somewhat different from thattor diodes connected to a reflection-typé Bgbrid coupler.
of the well-known feedforward system. The dc bias is properly assigned to the varactor diodes to pre-
Fig. 5 is the calculated cancellation capability versus theent generation of any higher order components since only the
fundamental tone spacing for the several mismatched delaggcond-order coefficient of the phase modulation characteristics
Fig. 5(a) for the IM3 and Fig. 5(b) for the IM5. As shown,of the varactor diode is used.
the IM3 and the IM5 cancellation capabilities are seriously In the predistortion linearizer using a double-balanced diode
restricted and the performance is more seriously degradednsizer, an RF phase shifter is built using varactor diodes in re-

SOUT, 8wa—2w, =1/—2(ws —w1)7y (16)
SOUT, 3wy —2w; =142(ws — w1)74. (17)
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Fig. 8. Linearization results of the predistorter using a double-balanced mixer. (a) For a two-tone test spectra. (b) For a broad-band CDMAhspettim wi
rate of 4.096 Mc/s and an average output channel power of 28.83 dBm. (c) For ACLR versus average output channel power of a broad-band CDMA signal at
2.5-MHz offset frequency.

flection type to have more than a I8@ining dynamic range. 124 0 without predistorter
The double-balanced mixer is RF prime’'s RFMT-25H. Delay || with predistorter o
line 1 compensates for the low-frequency circuit delay and dele
line 2 compensates for the delay of the mixer and phase shift: |

In this experiment, the main amplifieris composed of asingl  5_
driver stage and a final power stage (Motorola’s MHL21336 | o
35-dBm amplifier) with a total gain of 30.7 dB. Fig. 6 shows & - ‘
the in—out characteristics of the main amplifier when a singl ¥

tone is applied. This main amplifier is linearized using the twc * 4] 0'9'
proposed predistorters. ; o

Fig. 7 shows the linearization results of the first type of pre 2+ O,.O-'O
distorter. When a two-tone signal with 1-MHz spacing is applie: o_‘ o.o-o-O-O'O'O'O”

to the amplifier with 33.17-dBm output power, the IMD3 is im-
proved by over 23 dB and the IMDS5 is improved by approxi- 1 16 18 20 22 24 25 28 30 82 =
mately 10 dB to near spurious level [see Fig. 7(a)]. Linearizatio

with a two-tone signal provides the initial control voltages of the

VGASs to optimize the performance for a CDMA signal. Whelrig. 9. Measured PAE of the amplifier without the predistorter (circles) and
a broad-band CDMA signal with a chip rate of 4.096 Mc/s anitith the predistorter (dotted line).

a crest factor of 11 dB is applied to this test circuit, the adja-

cent channel leakage power (ACLR) is improved by over 11.17 Similar tests were performed for the second type of linearizer.
dB. In this case, the average output power is 28.17 dBm aFgy. 8 shows the results. For the same two-tone test, IMD3 is
center frequency of 2.15 GHz [see Fig. 7(b)]. When the averaigeproved by over 23 dB and the IMD5 is improved by over
power level of the CDMA signal is swept, the ACLR improved7 dB near to the spurious level [see Fig. 8(a)]. As shown in
ment variations are plotted in Fig. 7(c). It shows good cancellgig. 8(b), the ACLR test delivers about 11.17-dB improvement.
tion properties for a broad range of output power. The performances of the two predistorters are quite similar.

Average Channel Output Power [dBm]
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A very low power consumption of the predistorter by dealing [6]
with a very low RF power in the input stage makes little degra-
dation of the overall efficiency from that of the power amplifier 7
itself. Hence, the efficiency of the amplifier using predistortion
is clearly better than that of the feed-forward amplifier. Fig. 9 [8]
shows the power-added efficiency (PAE) versus average channel
output power of the amplifier by applying CDMA signal. The [9]
PAE is slightly degraded by the static power consumption of
the predistorter by including low-frequency circuits, which is [10]
fixed to 1.44 W, in comparison to without the predistorter case.
As the output power capacity of the amplifier for linearization
increases, the efficiency degradation due to a static power c0|[11-1]

sumption caused by the predistorter becomes negligible.
[12]

V. CONCLUSIONS 3]

We have discussed the three performance degradation factors
of predistortion in comparison with the feed-forward method.
These factors offer an explanation of the cancellation limit of the
predistorter and provide a design guide for a linear power-amid4]
plifier adopting predistortion linearizer. New predistortion tech- 15]
nigues using a low-frequency even-order IM components havEe
been proposed. Two types of linearizers, one using an 1/Q bal-
anced modulator and the other using a double-balanced dio?ﬁs
mixer, have been implemented. These linearizers have a very
compact circuit configuration and low gain losses. Both circuits
are able to independently control the magnitudes and phases of
the IM3 and IM5 components.

We have analyzed the delay mismatch effect of the pred
torter. The results show that the IM5 is twice as sensitive th
the IM3 for the delay mismatch. This resultis applicable to oth
predistortion circuits as well.

To validate the proposed predistortion linearizers, a two-to
linearization test and a broad-band CDMA linearization test
performed at the IMT-2000 band of 2.15 GHz. The results sh
that significant cancellations are achieved for both the IM3 a
IM5 components. The broad-band CDMA test and its power
sweeping test show that the ACLR isimproved by over11.17 dB
at an optimized average channel output power and the impro
ment is maintained through a broad range of the power levg
These predistorters can be easily linked into appropriate aday
tion control circuits because both circuits use only four contr
parameters and the compact sizes of the predistorters are (
venient for adding spaces for adaptive control circuits.
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