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The ever-increasing demand for higher data rates in communication links has
created a need for power amplifiers with large instantaneous bandwidth.
Moreover, software-defined radio and smart antenna systems require power
stages capable of transmitting at programmable carrier frequencies within a
large bandwidth to achieve frequency multiplicity. Also, advanced radar imaging
systems, such as through-the-wall imaging, require amplification of broadband
signals whose reflection/transmission spectral information can be used for tar-
get detection. However, conventional multi-GHz broadband power amplifiers are
commonly implemented as distributed amplifiers, which typically have poor
power efficiency due to non-optimum load impedance at each stage. Balanced
amplifier techniques yield better efficiency but require wide-band on-chip cou-
plers which limit their use within millimeter-wave frequencies due to excessive
area consumption for GHz range implementations. To address these issues, we
present a power amplifier design technique which enables the output network to
track the optimum load impedance across a broad operation bandwidth. This
provides high efficiency with small area consumption for broadband power
amplification. As an implementation example, a 90nm CMOS PA is presented
that achieves a -3dB bandwidth of 7.8GHz (5.2 to 13 GHz) with a peak Psat of
+25.2dBm at a PAE of 21.6%.

To harvest the maximum output power from a given power device, an optimum
load impedance needs to be present at the device’s output, which is normally
determined by a load-pull simulation. At the fundamental frequency, this optimal
impedance can be approximated as Zopt=RL||(jωLP)=RL||(-1/jωCdevice), where RL is
proportional to the ratio between the device’s breakdown voltage and output 
current, and LP is the effective parallel inductance which cancels the large-signal
device output capacitance Cdevice. On the Smith chart in Fig. 2.4.1, the 
RL||(-1/jωCdevice) trajectory is shown to closely follow the simulated optimum
large-signal load impedance for a given cascode device from 5.5GHz to 14GHz.
In a conventional narrow-band PA design, this load impedance is directly
achieved by using a shunting inductor to tune out the Cdevice at the operation fre-
quency. However, for the broadband load-pull matching, an output matching net-
work with a fixed conductance and a varying inductive admittance is needed to
provide Cdevice cancellation while maintaining the desired output power across the
entire bandwidth [1]. This output network design constraint can be met with a
doubly-terminated filter network with RL and 50Ω as the two terminations and
the Cdevice shunt at the R L side, as shown in Fig. 2.4.1.

This broadband matching concept is implemented in the presented power ampli-
fier with an effective 3rd-order output network. Two Norton transforms convert
the generic 3rd-order bandpass network to fully accommodate the non-ideal
(km=0.7) on-chip 2:1 transformer [2]. Therefore, two inductors in the 3rd-order
network are effectively realized by the transformer for area saving. At the same
time, the transformer also provides power combining, further impedance trans-
formation, and even-order harmonic filtering (Fig. 2.4.2). Note that the trans-
former equivalent model has its leakage inductances shifted to the primary side
[3]. The output network transforms the single-ended 50Ω to a differential 18Ω
load. The complete EM structure and the simulated load impedance ZL of the out-
put matching network (after absorbing Cdevice) are shown in Fig. 2.4.2. The out-
put network achieves a peak passive power efficiency of 58.6% and maintains its
bandwidth from 5GHz to 15GHz. This high efficiency is due to the fact that trans-
former-based impedance transformation generally has less loss than LC net-
works particularly at high transformation ratios required by high-power PA
designs [4]. The simulated broadband load impedance (after absorbing Cdevice) is
shown to achieve the optimal loadpull matching.

The complete PA architecture is shown in Fig. 2.4.6. The driver stage is imple-
mented as a differential cascode to improve the driving power for the PA stage.
The inter-stage network is designed as a 3rd-order equal-ripple transimpedance
network with an inductive Norton transform. This network ensures a constant
driving voltage at the power stage input across the entire bandwidth. The differ-
ential PA stage is also implemented as a cascode topology to improve the

reverse isolation and to maximize the output power. The driver and the power
stages are biased in Class-A and Class-AB modes respectively to achieve good
linearity without significantly compromising the PAE [5].

The measured differential-mode S-parameters are shown in Fig. 2.4.3 [6]. The
amplifier achieves a peak small-signal gain of 18.5dB at 9.6GHz with its -3dB
bandwidth from 5.2GHz to 13GHz. Input return loss is better than 10dB below
14GHz. Finally, the in-band group delay of the PA remains nearly constant with
a mean value of 160ps and is kept within ±10% from 6.5GHz to 15.1GHz.
Therefore, considering both the gain and the group delay, the PA can provide
power amplification for a broadband signal with negligible distortion at an
instantaneous bandwidth of 6.5GHz (from 6.5GHz to 13GHz).

The large signal behavior of the power amplifier is shown in Fig. 2.4.4. The
amplifier has a peak saturation output power of +25.2dBm at 8GHz with a PAE
of 21.6%. The saturated PAE drops to 12.9% and 11.5% at 5.5GHz and 13GHz
respectively. At 8GHz, the output 1dB compression point is +22.6dBm with a
corresponding PAE of 15.2%.

Digitally modulated signals were used to characterize the PA’s linearity perform-
ance at its 1dB compression point (Fig. 2.4.5). For a QPSK signal at 5MS/s, the
EVM is measured below 3.6% between 5.5GHz and 13GHz operating frequency.
For a 16-QAM signal at 5MS/s, the EVM is below 5.9% across the same band-
width. The modulation rate is limited by the test equipment. Note that the gate
biasing voltage of 0.34V is for the nominal PA operation. A lower gate biasing
voltage, as 0.31V shown here for an example, pushes the PA 1dB compression
point to a higher power level, which then leads to a degraded EVM performance.
These tests verify the feasibility of applying this PA for software-defined radio
and smart antenna systems, which require programmable transmitter frequen-
cies across the broad bandwidth.

To verify the PA’s capability of amplifying signals with a large instantaneous
bandwidth, BPSK signals up to 8.25Gb/s were used for the test. The pseudo ran-
dom sequence (generated using an Anritsu MP1763C pulse pattern generator)
was first lowpass filtered to limit its bandwidth and upconverted as a double-
sideband signal at a 9GHz carrier frequency. The upconverted signal is subse-
quently amplified by the PA. The output signal from the PA is then downconvert-
ed to the baseband using the same 9GHz frequency source. The bit-error-rate
(BER) of the baseband signal is then monitored using an Anritsu MP1764C error
detector. The measured BER is less than 10-13 up to 7.5Gb/s with no errors
observed after a 14-hour continuous measurement (Fig. 2.4.7). The eye diagram
with the PA at 5Gb/s shows negligible degradation. Note that the PA in this eye
diagram measurement delivers 21.5dBm output power at a PAE of 11.2%. These
results are achieved due to the in-band flat gain and constant group delay of the
PA, which validates the viability of applying this PA for broadband ultra-high-
data-rate communication.

The PA is implemented in a standard 90nm CMOS process. The core area only
occupies 0.45mm×1.55mm and is conducive for further integration with a full
broadband transceiver system.
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Figure 2.4.1: Broadband load-pull matching concept. The Smith chart plot has
its characteristic impedance of 9Ω. 

Figure 2.4.2: Output network for broadband load-pull matching. The 
impedance ZL is defined as the load impedance after absorbing Cdevice with its
target value of 18Ω.  

Figure 2.4.3: Measured differential s-parameters and total PA group delay. 

Figure 2.4.5: Measured EVM for 16-QAM and QPSK at 1dB compression point.
Note that Vgate_PA=0.34V is the nominal biasing voltage. Figure 2.4.6: PA architecture and chip micrograph.

Figure 2.4.4: Measured output power and PAE at saturation and 1dB 
compression point.  
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Figure 2.4.7: Measured BER for different data rate and eye diagram at 5Gb/s.
The BPSK signal is band-limited due to low-pass filtering before up-
conversion.


