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Broadband Tunable Third-Order IMD Cancellation
Using Left-Handed Transmission-Line-Based

Phase Shifter
Hongwoo Park, Hyoungsuk Yoo, Sungtek Kahng, and Hongjoon Kim

Abstract—We demonstrate a broadband tunable third-order in-
termodulation distortion (IMD) cancellation architecture using a
left-handed transmission line (LHTL)-based phase shifter for a
feedforward amplifier. The fabricated circuit reduces the third-
order IMDof themain amplifier up to 17 dB after adjusting for any
frequencies between 1.5 and 2.4 GHz when the frequency differ-
ence between the two tones is 2 MHz. In addition, the circuit main-
tains a spurious-free dynamic range that is greater than 55 dBc
at the output. This effective broadband third-order IMD cancel-
lation method is possible because of the broadband and linearly
phase-tunable characteristics of the LHTL-based phase shifter.

Index Terms—Amplifier, feedforward, intermodulation distor-
tion, left-handed, phase shifter, transmission line.

I. INTRODUCTION

I N modern wireless communication systems, multilevel
linear modulation schemes such as quadrature amplitude

modulation (QAM) are used to increase spectral efficiency. In
addition, a broader channel bandwidth and multiple channels
are used to meet the increasing demands for higher data rates
and larger numbers of users. Because their envelopes fluctuate,
these schemes can be significant contributors to intermodula-
tion distortion (IMD) in power amplifiers.
To compensate for IMD, several linearization techniques

such as predistortion [1], feedback [2], dynamic biasing [3],
and feedforward [4]have been developed. The predistortion ap-
proach is complex and has problems with bandwidth depending
on the method it uses. The feedback method has a similar
bandwidth problem because of the stability considerations of
the system. The dynamic biasing method has a compensation
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range that is limited by the bias voltage control range of a
power amplifier. Finally, a feedforward linearization technique
requires a complex topology, however, it is the best method to
suppress IMD. Nevertheless, the bandwidth must be narrow,
owing to the topology.
A phase shifter and an amplitude modulator with broadband

characteristics are the key components that facilitate broadband
tunable characteristics in the feedforward approach for use in
modern multimode and multiband communication systems.
These components adjust the phase and amplitude of the signal
exactly as required to ensure the maximum suppression of IMD
in a broadband frequency. One of the main disadvantages of this
type of feedforward approach is a bandwidth limitation caused
by the phase shifter [5]–[7]. In [5], the authors used a variable
capacitance method but achieved only several hundred MHz
of tunable range. In [6], the authors suggested an equal group
delay method; however, they were successful in linearizing
only several hundred MHz of bandwidth. In [7], the authors
used a phase equalizer in the feedforward loop; however, they
could achieve a tunable range of only few hundreds of only few
hundred MHz.
In this letter, we demonstrate that the tunable frequency range

of feedforward amplifier can be significantly increased by em-
ploying broadband, low-loss, linearly phase-controllable left-
handed transmission line (LHTL)-based phase shifters in a feed-
forward loop to effectively compensate for the nonlinearity of a
power amplifier.

II. BROADBAND TUNABLE FEEDFORWARD CIRCUIT
ARCHITECTURE AND ELEMENTS

A. Structure of a Broadband Tunable Feedforward Amplifier

Fig. 1 shows (a) the entire schematic diagram and (b) the fab-
ricated circuit for the proposed architecture. The entire circuit is
implemented on an FR-4 substrate with a dielectric constant of
4.55 and a thickness of 1.6 mm. An input signal is divided at
a broadband Wilkinson power divider and is vector modulated
at both the first voltage variable attenuator and the LHTL-based
broadband phase shifter. At the first Wilkinson combiner, the
carrier signals from each branch are cancelled out, and only
IMD elements remain at the output. Then, the IMD elements
are vector modulated and amplified. Finally, all IMD elements
are cancelled out at the second Wilkinson combiner. Because
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Fig. 1. (a) Schematic diagram of the proposed broadband tunable feedforward
amplifier. (b) Fabricated broadband tunable feedforward amplifier. A pair of
Wilkinson dividers is attached at the input to allow two-tone combining and di-
viding. A second Wilkinson combiner is attached separately to check the mag-
nitude balance of the two output ports.

Fig. 2. (a) Schematic of LHTL-based phase shifter and equivalent unit cell
model. (b) Fabricated broadband tunable LHTL phase shifter and measured rel-
ative phase and insertion loss versus applied bias voltage at (c) 1.5 GHz, (d)
2.0 GHz, and (e) 2.4 GHz.

the phase shifters and voltage attenuators are broadband tun-
able, the suggested feedforward amplifier can be tuned to re-
move IMD products in a broadband frequency range.

B. LHTL-Based Broadband Tunable Phase Shifter
As mentioned above, the key element in the suggested broad-

band feedforward circuit is a broadband phase shifter. To re-
move IMD effectively in a feedforward circuit, the phase shifter
should have low insertion loss, low loss variation, and 360
continuous phase variation for a wide band of frequencies. An
LHTL-based phase shifter satisfies the above conditions, in ad-
dition to having linear phase variation, with respect to control
voltage. This indicates that, accurate phase control that allows
effective cancellation of IMD in the feedforward topology is
possible. The theory and properties this phase shifter are de-
scribed in [8]. To achieve a broadband 360 phase variation and
low insertion loss, six LHTL unit cells are used in the experi-
ment, as shown in Fig. 2(a) and Fig. 2(b). A unit cell consists of
two varactors (Skyworks Solutions, Inc., SMV1232-079LF) in
series with a shunt inductor between them. The shunt inductor
is implemented using a thin microstrip line with a width and
length of 0.2 and 6.5 mm, respectively.

Fig. 3. Two-tone test results before and after linearization at (a) 1.5 GHz, (b)
2.0 GHz, and (c) 2.4 GHz. The graphs above show the results when a 15 dB at-
tenuator is attached at the feedforward amplifier's output to protect the spectrum
analyzer.

Fig. 2(c), (d), and (e) show the relative phase variation and
insertion loss for the fabricated LHTL phase versus the dc con-
trol voltage at 1.5, 2.0, and 2.4 GHz. For all frequencies be-
tween 1.5 and 2.4 GHz, it was possible to control the entire
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TABLE I
PERFORMANCE COMPARISON OF SEVERAL FEEDFORWARD APPROACHES

360 phase variation with an insertion loss of less than 4 dB
and an insertion loss variation of less than 1 dB when the ap-
plied dc voltage was suitably adjusted. In addition, we observed
a linear phase variation as the control voltage was increased. Be-
cause of the limitations of the hybrid implementation of the fab-
ricated LHTL-based phase shifter, the right-handed component
caused by the pads on the board's surface which can be modeled
as and and an inherent diode resistance in Fig. 2(a)
make the LHTL a lossy composite right/left-handed transmis-
sion line. Therefore, the LHTL phase shifter acts more like a
tunable band-pass filter and the tunable bandwidth of the feed-
forward circuit is rather limited. Theoretically, the bandwidth
of the phase shifter ranges from the cut-off frequency to infinity
because the LHTL unit cell itself acts as a high-pass filter.

C. Other Elements

Wilkinson combiners and a 20 dB coupled line coupler are
used to combine and couple the power, respectively. We used
a Wilkinson power divider as a power combining element
because it has broadband characteristic and can be easily
fabricated; however, it has a 3 dB power loss when com-
bining unequal signals. Before integrating all of the elements
on a single board, each element is carefully simulated and
tested over its entire bandwidth (1.5–2.4 GHz). For the main
amplifier and the error amplifiers, we used TriQuint Semicon-
ductor's TQP7M9102 driver amplifiers; their bandwidth covers
400 MHz–4 GHz. The output P1dB of the driver amplifiers is
approximately 27 dBm, as specified in the datasheet, and the
gain is approximately 12 dB when fabricated for a frequency
range of 1.5 to 2.4 GHz. For an amplitude modulator, we
used Hittite Microwave Corporation's HMC346MS8G voltage
variable attenuator, whose bandwidth covers DC-8 GHz. The
dynamic attenuation range of this attenuator is approximately
1.5 to 32 dB, as specified in the data sheet.

III. EXPERIMENTAL RESULTS

Fig. 3. shows the results of the two-tone test before and after
linearization when the frequency difference between the two
input powers is 2 MHz for each center frequency at 1.5, 2, and
2.4 GHz, respectively. Before linearization, only the main am-
plifier is turned on. For the linearized case, dc power is pro-
vided to all the amplifiersand the phase shifters and the ampli-
tude modulators in the feedforward loop are properly adjusted
to erase third order IMD products.
In the experiment, a 15 dB attenuator is used at the output

of the feedforward amplifier to protect the spectrum analyzer.

To control the two amplitude modulators and two LHTL-based
phase shifters, we used a National Instruments Corporation
DAC (SCB-68) and a simple dc power supply whose control
program is loaded by LabVIEW. We applied an input power of
6 to 8 dBm for the frequencies between 1.5 and 2.4 GHz. We
choose the input power level to have a maximum third-order
IMD product without generating a fourth-order IMD product.
The average output power was between 18 and 20 dBm. Note

that Fig. 3 shows the results when the 15 dB attenuator is at-
tached. The results show that the third-order intermodulation
distortion products are reduced by approximately 17 to 25 dB,
and that the SFDR is maintained at a value greater than 55 dBc
for any frequency between 1.5 and 2.4 GHz.
Table I shows the performance comparison based on the

tunable frequency range and the third order IMD improvement.
Compared to other recent tunable feedforward approaches
[5]–[7], our proposed method shows a much improved tunable
bandwidth with an effective linearization. This broadband tun-
ability comes from the broadband tunability of the LHTL-based
phase shifters in the feedforward loop.

IV. CONCLUSION

By combining a feedforward approach and a broadband tun-
able LHTL-based phase shifter, we showed that a more broad-
band and a more effective linearization of an RF amplifier is
possible than in previous feedforward approaches. For a range
of 1.5–2.4 GHz, wewere able to suppress more than 17 dB of the
third-order modulation product and maintain more than 55 dBc
of SFDR in an amplifier. Because of its broadband tunable char-
acteristics, the suggested feedforward architecture may enhance
the overall performance in wireless communications or radar
systems by considerably increasing the SNR. Applications may
exist in multimode, multiband communication systems such as
GSM, LTE, software-defined radio for wireless communica-
tions, and multifrequency radar for military purposes.
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