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carriers in the frequency domain consisting of highly spectrally efficient and distortion
resilient modulation scheme [6]. It is widely used in digital television, audio broadcasting,
broadband internet services etc [6].

In terms of a system level point of view, it is of vital importance that both hardware
components and modulated input signals that drive the hardware both are at their optimum
capability in performance. However, it is a well-known fact that hardware components
such as a nonlinear power amplifier performs best with constant envelope modulated
signals at saturation operating regime providing higher efficiencies. Although, spectrally
efficient modern-day modulation schemes operate with varying envelopes maximizing
their capacity in-accordance with information theory. Signals with varying envelopes
consist of higher and lower amplitude levels. Meaning the hardware components that the
signal propagates through must be able to handle efficiently both signal levels (or multiple
levels) without incurring clipping or introducing a distortion which leads to loss of
information in the transmitted signal.

As an integration platform for both hardware and modulated input signals (radio
frequency signals carrying useful information), digital signal processing (DSP) techniques
can be identified. A few common DSP techniques are crest factor reduction (CFR), digital
pre-distortion (DPD), and Calibrating of the hardware impairments. The purpose of CFR
techniques is to reduce the peak to average power ratio (PAPR) of the transmitted signal
while preserving the quality of the transmitted signal. Reduction of the peak to average
ratio of the signal allows the power amplifier to be operated at or near the compression
point thus resulting in higher efficiency. Clipping and windowing, peak windowing are a
few CFR techniques that are commonly used [1], [2]. Digital predistortion can use a
model of the device generated by physical, circuit level or behavioral modeling and uses
an inverse function of the nonlinear impairments introduced into the signal by the power
amplifier when the RF signal propagates through the device. Therefore, this inverse
function then can be applied to reduce distortion present in the modeled power amplifier
in practice, facilitating the further improvement of its performance. Performing a path
calibration allows the identification of In-phase and Quadrature-phase (I1Q) imbalances
present within the transmit or receive path and pre-compensate them by incorporation of

the imbalance into the RF input signal. In summary, all of the above-mentioned techniques



help comply with spectral mask and error vector magnitude (EVM) requirements set by
wireless communication standards as well as improving the overall efficiency of the entire
system.

In terms of analog hardware components, the power amplifier is the main
component that is operated in a nonlinear operating regime. Several advanced structures
have been proposed more recently in the literature to deliver higher efficiency power
amplifiers for future communication systems. An outphasing power amplifier uses two
phase modulated input signals with constant amplitude to drive the PA. Constant
amplitude feeding to the PA assures higher power efficiency. However, one major
concern with this technique is that the bandwidth expansion caused by phase modulation
[4]. In addressing modern communication signals with higher bandwidths with an
increase in information, the resultant bandwidth expansion is several times the original
signal bandwidth, this causes complications within the entire transmit chain. Envelope
tracking (ET) is another advanced PA architecture which improves the power efficiency
of the PA. Principle in ET is to extract the RF envelope of the input signal by an envelope
detector and use it to modulate the supply voltage to the PA. Several challenges exist in
this methodology, for example, the time delay between the envelope path and RF path
needs to be equal. ET power supply bandwidth needs to be higher than that of the envelope
of the signal, to ensure the linear efficient performance of the PA [3]. Another PA
architecture is the Doherty power amplifier (DPA) configuration. A DPA incorporates
two paths (namely carrier and peaking/auxiliary) for the input signal to propagate and
amplify through, the outputs are then recombined. The carrier path is biased in class AB
and can amplify an average level of signal input and the auxiliary path is biased at class
C and is turned on at the peaks of the input signal. This combined operation of both paths
of an DPA, helps to handle signals with high PAPR.

In order to address the above-mentioned challenges, this research work presents
three different solutions. First, is to provide an integration platform between hardware and
input drive signals (software) using a novel RF path calibration technique incorporating
DSP techniques. Secondly, to improve the existing hardware within the RF transmitter
(specifically the PA), a method of using several small signal amplifiers in a digitally

driven N-way Doherty topology to achieve the performance of a single large signal PA



with even greater flexibility is introduced. Finally, to address the challenge of increased
complexity and simulation time expected for highly efficient power amplifiers deployed
as distributed arrays in advanced telecommunications systems such as 5G a behavioural
modelling solution is presented as a viable option with experimental validation with an
asymmetrical DPA.

It is of vital importance when considering a system level architecture of the RF
transmitter that each hardware component operates at its maximum efficiency without
introducing heavy distortion into the information signal, thus resulting in a reliable
information transfer through the RF transmit chain. This can be achieved by digitally pre-
compensating (DSP technique) the input modulated signal (a method similar to pre-
distortion) to alleviate the RF path impairments (which are introduced by the hardware
components in the transmitter) when the signal propagates through the RF blocks. After
performing pre-compensation, the signal received at the end of the RF transmit path is an
amplified, quadrature up-converted and a non-distorted version of the original signal,
hence the system can now be termed as a calibrated RF transmitter. The novel calibration
technique is a non-iterative method which comprises of a specially designed 64-QAM
modulated test signal. Since this modulation format closely resembles a standard modern
communication signal used in practice using a 64-QAM modulation provides an
additional advantage of the technique being suitable to be applied in many test scenarios
such as; characterization of both weakly and strongly nonlinear systems. A modulated
stimulus signal such as 64-QAM consisting of multiple amplitude levels and phases in the
time domain can identify both power and frequency dependent RF path impairments.
Compensation is achieved for the identified distortion components in the form of an finite
impulse response (FIR) filter. This filter transfer function is then convolved with the
intended transmit signal, thus resulting in a perfect non-distorted signal at the output of
the transmitter upon transmission.

As explained earlier power amplifier is a component in the RF transmitter which
consumes a considerable portion of the input power supply. Power efficient operation, the
capability of handling wideband spectrally efficient signals and linear operation are major
concerns in choosing a base station PA for satellite-based applications in Ku-band. To

handle these concerns a futuristic method of using a combination of several small signal



PA’s in a Doherty type topology has been identified. This method offers performance
similar to that of a using a single large signal PA with additional advantages such as the
flexibility to turn-off and turn-on its paths as per the user requirements. This is helpful in
scenarios such as operating the system with the limited amount of input power which
requires an efficient signal amplification or to adjust the number of paths based on the
input signal characteristics such as operating with input signals consisting of a variety of
PAPR levels. In this work, a detailed analysis of existing methods and the design
methodology of the presented technique in comparison with prior-art has been presented.
The technique has been validated using signal bandwidths up to 800 MHz at Ku-band.

High-efficiency PA topologies in distributed networks with increased complexity
are required to provide the additional increase in performance required for 5th generation
telecommunications. However, in doing so simulation time and hence production time
will also increase proportionally. The concept of using a behavioral model instead of a
circuit level or physical model for a DPA is suggested. Behavioral modeling provides a
software-based characterization of a hardware component based on its input and output
responses. The method is tested using the input-output responses of a fabricated
asymmetrical Doherty power amplifier while operating at its nonlinear operating region
offering amplification with higher power efficiency. A variety of behavioral modeling
techniques were used in order to prove their ability and the suitability for accurate
characterization of the device.

In observing the trends of future wireless communications standards that facilitate
the needs of the future customer, it can be understood the need for higher efficiency and
greater reliability in both hardware and software segments in a transmitter. As mentioned
above the contribution of this research work is to implement methods of co-design of
hardware and software for better integration, thus improving the performance of the

wireless transmitters.



1.2. MOTIVATION

The objective for the research work performed in this thesis is to address the
problems as described above by integrating DSP techniques and advanced hardware
architectures to overcome physical and operational limitations that are present in a
wireless communication system. As an outcome of improving the physical components
and their overall performance, it is expected to help meet the stringent requirements of

future mobile communication standards.

1.3. THESIS OUTLINE AND RESEARCH CONTRIBUTIONS

1.3.1. CHAPTER 2

In chapter 2, an existing problem of 1Q imbalance and path impairments in relation
to RF path of a wireless transmitter has been identified. A novel technique for calibration
of RF transceivers based on constellation mapping of a 64-QAM test signal is proposed.
A brief history of different calibration techniques is presented. Specific advantages of the
stimulus itself includes the ability to detect impairments such as AMAM, AMPM, Inter-
symbol interference (1SI) etc. has been identified and explored in detail. The concept has
been validated for both weakly and strongly nonlinear test conditions with a variety of
test signals.

The use of a modulated test signal closely resembles a real application, therefore
in comparison to other test signals applying a modulated test signal provides a better test

case.



1.3.2. CHAPTER 3

Chapter 3 presents an interesting challenge in enhancing the performance of the
power amplifier. A power amplifier is known to be a high power consuming device in a
base-station. Therefore, it is of vital importance that the power amplifiers are made to
operate efficiently. However, with the increase in complexity in present and future
modulation schemes, significant improvements are necessary in-order to facilitate the
specifications as well as to conserve power in operation. Based on the state-of-the-art
methods a further advanced solution of a digitally-driven four-way Doherty power
amplifier with a unique impedance transformation ratio at Ku-band has been proposed as
a potential solution to address the above-mentioned challenges. The design was tested
using a 64-QAM modulated input signal of 800 MHz bandwidth at Ku band frequency
range. From this analysis, it is identified that the design has potential for scalability,
operate with improved efficiency and with reduced power consumption.

The design is aimed at providing a viable solution for Low Earth Orbit (LEO) and
Medium Earth Orbit (MEO) satellites where problems such as high efficiency, higher

linearity are of greater concern.

In concluding the work performed a paper publication was presented at 29th ISSC

Irish Signals and Systems Conference.

S. Madhuwantha, P. Ramabadran, R. Farrell, and J. Dooley, “N-way Digitally Driven
Doherty Power Amplifier Design and Analysis for Ku band Applications,” presented at
the Conf. in 29th Irish Signals and Systems Conference, Queens University Belfast, UK,
June. 21-22, 2018.



1.3.3. CHAPTER 4

Advanced system architectures such as Massive Multiple Input Multiple Output
(Massive-MIMO) have been identified to overcome challenges faced by future mobile
communication systems such as the simulation of large numbers of power amplifiers.
Realising these systems requires the incorporation of a distributed array of power
amplifiers within the transmitter. However, with the increase in complexity of the design,
the time taken for production or to perform system level testing is significantly higher. As
a solution to this problem behavioral modeling techniques can be used to perform a system
level simulation of the design with reduced time and sufficient accuracy. As an efficient
power amplifier, an asymmetrical Doherty power amplifier (single input single output
system) was fabricated and utilized for this work to compare numerous behavioral models.
Work performed experimentally extracts computationally efficient models for the
mentioned high efficiency asymmetrical DPA architecture. Historical aspects of
behavioral modeling and concepts were also presented. The Doherty power amplifier was
modeled using several modeling techniques. The results and metrics used were explained
in identifying a suitable solution for modeling an asymmetrical Doherty power amplifier?.

In concluding the work performed a paper publication was presented at 29" 1ISSC

Irish Signals and Systems Conference.

S. Madhuwantha et al., “Behavioural Models for Distributed Arrays of High-Performance
Doherty Power Amplifiers,” presented at the Conf. in 29th Irish Signals and Systems
Conference, Queens University Belfast, UK, June. 21-22, 2018.

2 This work was performed along with a company named Benetel http://www.benetel.com/



Chapter 2

Novel Calibration Technique for RF Transmitters

The aim of this chapter is to present a novel calibration technique which uses a
64-QAM modulated input signal designed with all possible permutations of its
constellation points to calibrate the signal path for both weakly nonlinear and strongly
nonlinear systems. Comprehensive testing was performed consisting of a variety of test
cases to prove the validity of the proposed technique.

2.1. RF PATH CALIBRATION

Due to increasing demand for higher data rates to support of modern
communication systems such as high-definition television, satellite communication,
online real-time games, and real-time video broadcasts; the need for reliable information
transfer is of significant importance. Wireless transceivers such as those used in base-
stations are widely deployed in cellular networks. A wireless communication system
encompasses hardware components, signal processing techniques, and standardized
communication layers. These technologies are responsible for allowing the transmission
of information in an efficient and reliable manner. Physical impairments of RF hardware
components within a transmitter or a receiver chain can contribute to the loss of
information and losses in efficiency in most communication systems. One solution to this
issue is to intelligently apply digital signal processing methods to alter the transmission
signal to mitigate physical limitations existent on the RF transmit path.
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Fig. 1. A block diagram of an RF transmitter used for weakly and strongly nonlinear system calibration.?

Phenomena such as AMAM, AMPM conversion, 1Q imbalance, local oscillator
(LO) leakage, group delay and sinc roll-off exists in most practical RF transmit and
receive paths. 1Q imbalance and LO leakage are both frequency independent distortions
while group-delay and amplitude roll-off are frequency dependent nonlinear distortion
factors. Compensation for the above-mentioned phenomena is necessary as it significantly
affects the quality of the information signal sent through the RF paths.
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Fig. 2. lllustration of AMAM distortion.
Fig. 2 is a plot of the ratio of normalized output amplitude to the normalized input

amplitude plotted for each sample. This plot illustrates the concept of AMAM distortion

3 Figure as shown above is only for indicating block level components of an RF transmitter, results obtained
in all testcases are from practical testing.
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caused by a power amplifier. As can be seen from Figure 2 above, operation of 1dB
compression point, the PA will exhibit strongly nonlinear behavior. As a result, the gain
of the PA is affected therefore linear response of the output amplitude with respect to the

input amplitude is no longer held.

0.5

Phase Offset

45 I I I I I I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Normalized Input Magnitude
Fig. 3. lllustration of AMPM conversion effects.

In Fig. 3 AMPM conversion effects are highlighted. The relationship of input
amplitude with the output phase is plotted in the above figure. As seen by the figure once
the higher amplitude levels are reached the phase response of the example system is no
longer linear thus AMPM distortion effects are said to be in effect. As can be seen from
Fig. 10. (a) before the application of the path calibration, the constellation points are
packed closer together in the output signal constellation illustrating AMAM effect.
Similarly, in Fig. 10. (b) AMPM effect is displayed by a rotation of the constellation
points with respect to their ideal locations.

In Fig. 1, the mixers 1,2 (MIX1, MIX2) in combination with the Local Oscillator
forms the quadrature modulator whose performance is critical to the integrity of the vector
modulated signal generated. These mixers, however, introduce frequency independent
amplitude offsets between the paths owing to offsets in the gains of the mixers, frequency
dependent impairments such as amplitude ripple and tilt over the band of interest, 1Q
phase errors owing to the deviations in the phases of the LO signals from quadrature
condition at the LO input ports of the mixers. Under ideal conditions the gain of the two
mixers should be equal and phase difference between them should be an exact quadrature

relation. The mixer 3 (MIX3) which is a part of the RF up-converter section also

11



introduces additional amplitude ripple and tilt along with non-linear phase response over
the bandwidth of interest. The impact is summarized in Fig. 5 in where an undesired image
carrier is observed due to quadrature gain and phase errors and a tilt is observed in the
desired carrier owing to a non-uniform gain of the mixers over the band of interest.
Additionally, distortions introduced by BPF2 are manifested as amplitude-ripple and tilt

as indicated by Fig. 6 in section 1.

2.2. SUMMARY OF PREVIOUS CALIBRATION TECHNIQUES

A variety of calibration procedures exist in the RF domain for the use in various

applications. The main use-cases for such methods are;

1. Identify a mathematical, behavioral (or another) type of a model for the device under
test (DUT).
2. Accurate verification of the performance of a DUT.

3. Transmit and receive information with greater accuracy and efficiency.

An example is, the pre-calibration routine of a Vector Network Analyzer VNA
testbed, to accurately measure a system model of transmission lines, passive networks etc.
using analysis performed with the help of a VNA. Routines enable the engineer to pre-
calibrate the measurement system to allow corrections for cables and RF components upto
the reference plane of the DUT. Thereby, when measuring the performance of the DUT
itself, the measurement path data (error terms) that were stored in the memory of the VNA
are recalled and necessary corrections are applied to the measured signal through the DUT
allowing measurement of the DUT performance only. In-terms of vector network analysis
multiple calibration methods exist based on the nature of the DUT; Short-Open-Load-
Reciprocal (SLOT), Thru-Reflect-Line (TRL), Line-Reflect-Reflect-Match (LRRM),
Short-Open-Load-Reciprocal (SOLAR) are a few calibration methods [7]. Additionally,
in the characterization of power amplifiers or such nonlinear systems methods such as
enhanced vector calibration using loadpull measurements are possible [8]. The advantage
in the application of the latter technique is it allows for the creation of an accurate model
of the DUT.

12



Another scenario where calibration is applied is in modeling the RF channel.
Advanced signal processing algorithms based on channel estimation and training are
widely presented in the literature as to pre-compensate impairments existent in the
channel; interested readers are referred to [9], [10], [11], [12]. In [14] authors describe
using wideband sinc and chirp pulses for characterization of RF transmit paths, for weakly
and strongly nonlinear systems respectively.

Reference [72] uses a method of time-domain characterization of a polar
transmitter architecture using a Schroeder-phased multi-sine signal. This method requires
the use of a four-channel digitizer consisting of four track and hold amplifiers and a high
sampling oscilloscope. Transition into higher frequency bands such as Ka-band is
expected for future wireless communication systems to facilitate the need for higher data
rates. Therefore, the use of higher sample rate equipment as mentioned above at these
frequency bands are expensive. Reference [73] uses a technique which mixes | and Q
portions of LO with RF signal to generate a baseband representation of an RF signal and
subsequently generates a calibration signal in an iterative manner as a frequency sweep
technique. The time required for calibration using an iterative frequency swept technique
for spectrally efficient signals such as wideband, and multi-carrier signals will increase
proportionally to the number of frequency components involved. In [13], first an arbitrary
signal generator is used to generate the quadrature baseband signals (digitally controlled),
then upconverted to an RF frequency using an 1Q modulator. The resulting output is
supplied to a spectrum analyzer which computes the carrier and image power. Then an
algorithm is used to calculate gain and phase offsets by taking in carrier-to-signal power
ratio and image-to-signal power ratios iteratively, allowing compensation for the
mismatches in the gain and phase of the 1Q modulator. This technique is iterative and for
wideband signals with increased number of frequency components it is time consuming.

Calibration of a hardware testbench and in a cellular network basestation would
benefit from real-time calibration. When advanced digital signal processing techniques
are incorporated for calibration, it is possible to overcome the hardware limitations to an
acceptable level.

The novel method proposed uses a modulated waveform which closely resembles

a standard wireless communication signal. This offers the added advantage of using the

13



proposed technique for testbench calibration as well as transmit path calibration over the
air.

For the work carried out in this section a heterodyne transmitter architecture is
considered with digital Intermediate Frequency (IF). It is possible to adopt and implement
a homodyne architecture for the concept as well. Novelties of the proposed technique are,
in using a well-defined 64-QAM modulated signal input with the arrangement of
constellation symbols to include all possible permutations. Design of the test signal itself
enables the technique to be used for path calibration of weakly and strongly nonlinear

modules as a non-iterative technique.

2.3. EXPERIMENTAL VALIDATION INDICATORS OF PERFORMANCE
IMPROVEMENT

2.3.1. VISUAL INSPECTION TECHNIQUES

To compare the effectiveness of the system with and without calibration applied,
a scientific method that can capture both amplitude and phase characteristics of the
nonlinear system is of paramount importance. Therefore, the main advantage of using 64-
QAM signal stimulus is that the calibration can be verified instantly by observing the
demodulated output at a receiver and observing the constellation captured of the stimulus
itself. For this purpose, it is possible to use a quantity that captures both amplitude and
phase errors called “Error Vector Magnitude (EVM)”. Additionally, to fulfill the
requirements for different broadcasting standards, it is possible to analyze the spectral
characteristics of the system at the output. Moreover, the quantity “Signal to Noise Ratio
(SNR)” can also be used in determining the quality of the level of the information of the

signal when compared to the noise level.
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Error Vector Magnitude (EVM)

—Ideal path of a Constellation symbol
S=-a - Obtained path of a Constellation symbol

P

=y

Magnitude
Error

Imaginary Axsis

=

0.2
Phase Error

0 0.2 04 0.6 0.8 | 1.2
Real Axsis

Fig. 4. An example illustration of the concept EVM, ideal symbol point lies on path in blue and
received/measured point lies on path in red (dashed). *

2.3.1.1. ERROR VECTOR MAGNITUDE (EVM)

EVM is a quantity that quantifies the vector difference between the ideal
constellation points and the measured constellation points obtained at the reference pre-
calibrated receiver [56]. An example visual description can be seen in Fig. 4 (In this work
Rohde and Schwarz R&S FSQ-40 with a vector demodulation bandwidth of 120 MHz

was used).
2.3.1.2.VISUAL ANALYSIS OF THE RECEIVER SPECTRUM

Fig. 5 indicates the sideband image component arising from 1Q amplitude and
phase frequency independent imbalances of the modulator. As a result of this impairment
crosstalk between 1 and Q paths occurs. Following procedures set out in [16] and [14], it
is possible to test the 1Q correction by observation of improvement in adjacent channel
leakage ratio (ACLR). ACLR is commonly termed as the relative filtered mean power of
an adjacent channel to that of the transmit channel power [17]. For each of the tests, this
metric provides an indication of the level of IQ imbalance. Attached below in Fig. 5,
presents a calibration scenario of 256-QAM signal at Ku band.

4 References used in understanding EVM — [56]
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Fig. 5. An example of the uncalibrated and calibrated magnitude spectrum of 256-QAM signal at Ku-band.

Fig. 5 indicates the full screen capture of the magnitude spectrum over a bandwidth
of 300 MHz. A successful rejection of the sideband image component in the adjacent
channel can be observed. The figure was captured at Ku-band with the center frequency
of 14.24 GHz uncalibrated signal (blue trace), calibrated signal (black trace).
Compensation of amplitude tilt present within passband is also visible. A better visual
indication of this can be achieved by zoomed view of the passband itself as in Fig. 6.
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Another visual analysis method; is to observe the magnitude spectrum before and
after calibration within the pass-band. An example is indicated in the figure below for
amplitude tilt, which can be explained as a variation in amplitude along with frequency.
As depicted in Fig. 6 amplitude tilt has been compensated well after calibration yielding
a flatter amplitude response. Amplitude roll-off may also occur due to the nonlinear
frequency dependent performance of an RF path and due to the sampling process of the

transmitter, this phenomenon is also known as the sinc roll-off.

@ REW 1 MHz
VEW 10 MHz

Raf -42 JdBm ALt 5 AR EWT &0 ms:
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_ - Uncalibrated l
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vizw |

Calibrated k\

Date: 12_.JUN.2018 18:37:10

Fig. 6. An example of the uncalibrated and calibrated magnitude spectrum of 256-QAM signal within
passhand. The figure was captured at Ku-band. (blue trace) uncalibrated signal, (black) calibrated
signal.
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2.4. CONSTELLATION MAPPING FOR RF PATH CALIBRATION

Present-day digital transmissions by radio waves incorporate quadrature
amplitude modulation (QAM) schemes, which is a form of vector modulation. QAM
modulation is achieved by applying amplitude modulation to two time-domain vectors
namely: quadrature and in-phase [15].

In this work a novel technique uses a 64-QAM modulated input signal, inherently
having multiple amplitude levels and phase angles in the time domain allow the stimulus
to emulate a variety of signals used in different applications. In comparison to 16-QAM,
a 64-QAM modulation type is chosen after considering the greater number of amplitude
levels in time-domain in contrast to that of 16-QAM a calibration signal that is developed
using the same technique as it may not be as accurate in its performance when
characterizing a highly complex test signals such as 256-QAM?® whereas the increased in
amplitude levels of a 64-QAM signal allows characterization of a 256-QAM modulation
signal as observed by the conducted test results that are presented in later chapters. A 256-
QAM signal could also be used in to develop a calibration signal however, it is at the
expense of the computational effort and requires higher channel capacity requirements
(Signal to Noise Ratio - SNR) to perform a demodulation under distorted conditions in
comparison with the 64-QAM modulation scheme. Moreover, a properly designed 64-
QAM signal is capable of capturing frequency transitions to a sufficient detail within the
passband of the stimulus as shown in Fig. 8. Stimuli may also be designed to have high
dynamic range to allow characterization of highly nonlinear systems. The calibration
signal is designed to contain all possible combinations of unique transitions of a 64-QAM
constellation. To capture memory effects of a nonlinear system under test (e.g. hysteresis)
required permutations were calculated (1-2). Therefore, all possible transitions are
included in designing the calibration signal. In the following equation “n” is the number

of different constellation symbols, and “r” stands for the number of different choices.

N n!
b= (n—r)! 1)
64!

64 — —
4p = (64_2)!_4032 @)

5 For the purpose of usage and abbreviation N-QAM signal means and N-QAM modulation applied signal
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Fig. 7. Designed 64-QAM Constellation with the inclusion of all unique Permutations, as seen from the
figure all transitions between points have been accounted for. ©
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Fig. 8. Magnitude and phase of the calibration signal in the frequency domain.

Calibration technique implemented is based on the principles of design of the
constellation as described above, capturing the transmitted signal, and digitally correcting
its vector positioning of symbols. The procedure for calibration includes designing the
calibration signal itself. Then the signal is transmitted through the system and captured
from a calibrated vector receiver vector signal analyzer (VSA). However, capturing
through a noncalibrated receiver is still possible as the calibration signals characteristics
are well designed. The captured distorted signal is analyzed for 1Q impairments. The
vector of the difference between the distorted signal constellation point and the desired
constellation point is logged. Subsequent to this a corrected signal is generated by

applying the vector offset required to the distorted signal to position it on the desired

& All possible permutations account for 4032 values, in practice for the ease of implementation 4036
transitions were programmed. Matlab function permn [74] can be used to calculate the individual
permutations.
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constellation point as seen in Fig. 9. This signal was then subjected to circular convolution

with any other type of a signal to mitigate impairments present in the test setup.

90 + Ideal Symbol Location
120 3 60 ° Obtained Symbol Location
., * Corrected Symbol Location
o
6
150 . 30
-
4
2
8
180 Pl 0
9 *
-
o
210 Moo o330
°
»
240 300

270

Fig. 9. Constellation of the calibration signal/ideal symbol location (red - *) and the captured signal (blue -
0) and the correction of vector positioning of the symbol (black - 0). Constellation is presented by
means of a polar plot to indicates the advantages of both amplitude and phase positions of the 64-
QAM signal stimulus.

The main advantage of this technique is that the captured demodulated stimulus
itself can be used as an indicator of multiple impairments for both weakly and strongly
nonlinear system behavior by analyzing the position of the constellation points.
Additionally, the overall technique is noniterative and requires a shorter amount of time
in comparison to iterative techniques. Following [15], six types of distortions can be

identified by using a 64-QAM constellation.
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Fig. 10. (a) The plot of the constellation of the strongly nonlinear system indicating outer constellation
symbols subjected to AMAM distortion and inner symbols subjected to AMPM. (b) Constellation
plot of a weakly driven nonlinear system where outer symbols have been subjected to AMPM
conversion. Both figures are from experimentation test cases, each case is presented in-detail in

section 2.8.
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1. AMAM distortion — AMAM distortion is where an amplitude modulated signal is
subjected to further amplitude modulation due to highly nonlinear system
behavior. This causes the constellation symbol to have a shorter vector radius than
its ideal location. Observe Fig. 10 plot (a).

2. AMPM distortion — AMPM distortion is where an amplitude modulated signal
undergoes phase modulation due to nonlinear system behavior. This results in the
symbol point to have the same vector radius but to be moved in its angle along the
vicinity of the ideal location. When this occurs by observing the four corners (and
nearby points) of the constellation it can be clearly observed that all four symbols
are rotated in the same direction. Observe Fig. 10 plot (b).

3. Delay distortion - received constellation point distorted in respect with ideal
constellation point due to inter-symbol interference.

4. Random noise — causes the demodulated individual points to have a scatter around
its ideal location (without overlapping with another symbol).

5. Interference — the result of other spurious signals coupled with the transmission
line, causes the symbol to have a circular movement around its ideal location.

6. Phase noise — introduces an angular movement of the constellation point. This
phenomenon is different from AMPM distortion and random noise. As this is a
type of an angular distortion which happens at both directions of the ideal symbol
location. The primary source of phase noise is non-ideal spectral characteristics of

the local oscillator.

Interested readers are referred to reference [15] for a more detailed description of
advantages in using a 64 QAM modulated signal in identifying contributors of errors to
the desired RF signal. In the section 2.3.1 other visual inspection techniques that can be
used to evaluate the existing impairments such as characteristics of the magnitude spectra,
were presented and these observations are common to most calibration signals, however,
the observations presented above are special signal characteristics displayed by the
calibration signal itself (and other QAM modulation types).
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2.5. IDENTIFYING DISTORTION COMPONENTS USING
CONSTELLATION MAPPING

Effect of 1Q imbalance, group-delay, and amplitude roll-off on the RF transmit
and receive paths can be observed by analyzing the above-mentioned visual inspection
techniques as described in section 2.3.1. Demodulation of the 64-QAM signal can be
performed by analyzing the 1Q parts of a signal capture from a receiver or by performing
demodulation through a calibrated receiver such as a VSA (in this case R&S FSQ). After
a successful run of the calibration on the RF signal paths, the demodulated 64-QAM
constellation (or any other suitable signal) should indicate an improvement of both EVM
and in SNR values on the VSA in addition improved spectral characteristics. Additionally,
as explained in section 2.4 properties of calibration signal itself can be used as well
(demodulation of the stimuli itself by a VSA — useful in practice for the application
engineer to perform an immediate verification).

To experimentally validate the advantages of the presented calibration technique,
it of vital importance to use appropriate test cases. the following inputs were used; a
different 64-QAM modulated input signals with random transitions between their
constellation points, Phase Shift Keying modulated signal (8-PSK), 256-QAM modulated
signal (Complicated test scenario with very high susceptibility for error).

Fig. 1 portrays the general architecture of a heterodyne transmitter7. In practical
testing signals were generated using MathWorks MATLAB tool, the signal was
transmitted via Texas Instruments DAC34SH84 board (or through a calibrated Signal
Generator R&S SMU 200A8) and captured through a calibrated VSA. Rohde and
Schwarz FSQ were used to perform the function of the calibrated VSA. In this test bench
test signals were transmitted at an RF frequency of 2.24 GHz for applications in S-band.
For the applications in Ku-band signals were further upconverted to a center frequency of
14.32 GHz. The test signals were created to have 80 MHz in bandwidth with a roll-off
factor of 0.2. This will result in an overall bandwidth of 96 MHz of bandwidth. Therefore,

the 1Q capture of signals was performed at 100 MHz of the span of the carrier signal,

" With Digitally generated IF.
8 Sampling rate of 100MHz and at an IF of 30MHz
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which is well within the vector demodulation bandwidth of the chosen VSA. Signals were
transmitted at a sampling rate of 320 MHz, in correspondence with near maximum

capturing sampling rate of the calibrated receiver.

2.6. WEAKLY NONLINEAR SYSTEM TESTING AT S-BAND

Test cases mentioned below were chosen to prove the validity of the method in
characterizing different input signals under weakly nonlinear characteristics. Structure of
a weakly nonlinear system can be viewed from Fig. 1, case 1 and 2. Applications in S-
band are Wireless-LAN, mobile communications, and avionics. Proving of current
calibration technique is within this frequency band also suggest the possibility of future

applications for this type of a technique.
2.6.1. A TEST CASE OF AN 8 PSK SIGNAL

Considering the difference in 64-QAM and 8-PSK modulation schemes especially
in-terms of their time domain characteristics (levels of amplitude and chosen phase
angles) their constellations are different. Testing under this condition would provide
valuable insight into the application of the calibration method to a different complex
envelope modulated signal input of a different arrangement to that of the stimuli.
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Fig. 11. 8-PSK constellation (a) before and (b) after calibration.
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(@) (b)
Fig. 12. 8-PSK constellation zoomed view of constellation points (a) before and (b) after calibration
Results from the 8-PSK test indicate a successful validation of the technique, as there
is a significant improvement in EVM by 9.62 % and SNR by 15.72 dB.

2.6.2. A TEST CASE OF A 256 QAM SIGNAL

In comparison with the 64-QAM signal, a 256-QAM signal has twice the number
of levels for its amplitude and a more widely spread phase angles in its constellation. In
terms of time domain characteristics having a spread-out and detailed constellation results
in a complicated stepped waveform. Having higher number and a variety of transitions
forming a detailed constellation 256-QAM in comparison to 64-QAM leads to higher
number of unique frequency components that correspond to its characteristics.
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Fig. 13. 256-QAM constellation (a) before® and (b) after calibration.

® Following Shannon limit on channel capacity for 256-QAM modulation, EVM for the uncalibrated case
was not considered.

24



ANEOQUARHN AU 01 ARG VA i
SR R A A S A A

R L R T

ol ol o o e L S O o o o o o 3
B
B e e
e e e e e b S
e e e e
Ak b e

B
b
e e
A

@ (b)

Fig. 14. Enlarged figure of constellation in Fig. 13 (a) before and (b) after calibration.

Results from the 256-QAM test indicate an improvement of SNR by 10.9 dB
validating the usefulness of the technique. As can be observed in Fig. 13, Fig. 14 after
performing calibration to compensate for nonlinearities the quality of the RF signal in the
RF transmits path has been restored.

2.7. WEAKLY NONLINEAR SYSTEM TESTING AT KU-BAND

Blocks of hardware components present in the Ku-band10 test-bench can be
identified as section 2.1 Fig. 1, In the Ku-band test bench cavity-filter, presents higher
group delay and higher amplitude roll-off. Testing for Ku-band is useful in satellite
communications applications and future mobile communication systems. Please refer to
Fig. 6 in section 1 to observe the noticeable tilt in amplitude detected while testing in Ku-

band experiments.

10 Ku-band upconverter was developed by RF team at Maynooth University
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2.7.1. TESTING FOR CONSISTENCY

Consistany Check with different 64-QAM signals

40
38
36
34
32
30
28
26
24
22
20

SNR (dB)

—=@=SNR
EVM (%)

1 2 3 4 5 6
30.02 30.1 29.91 30.4 30.12 29.86
3.154 3.125 3.194 3.021 3.12 3.213

Fig. 15. Test results for different 64-QAM signal inputs.
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In addition to the testing performed with 256-QAM and 8-PSK test signals. To

present a greater certainty of the repeatability of the technique, the calibration was

performed for six unique 64-QAM modulated signals generated by random allocation of

constellation points and was tested with the use of the same hardware test setup under

similar test conditions. As expected SNR level and EVM readings indicate consistent

operation thought the testing Fig. 15.
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Fig. 16. (a) Captured un-calibrated 64-QAM signal (for each iteration the

calibration.
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constellation for un-calibrated
case was observed to be similar, for simplicity only the first capture is shown), (b) — (g) presents
demodulated constellation for each of the six individual 64-QAM signals after performing RF path




2.7.2. A TEST CASE OF AN 8-PSK AND 256-QAM SIGNALS

Comparable to testing performed in S-band Ku-band test for 8-PSK and 256-QAM
signal testing was also performed.
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Fig. 17. Calibrated cases at 14.32 GHz (a) 8-PSK signal (b) 256-QAM signal

In an overall analysis of Ku-band test results, Fig. 6, indicates the amplitude
spectrum compensation achieved for the desired passband. It can be clearly observed that
amplitude remains relatively flat for the entire bandwidth of operation. Fig. 15, and Fig.
16 justifies the repeatability of the technique indicating consistent test results. Fig. 17
depicts the ability of the technique to certify its validity among more challenging
modulation schemes such as 256-QAM modulation and suitability in a general test case
of an 8-PSK modulated test signal with a different arrangement of constellation points.
For an 8-PSK test case, an improvement of 8.02 dB of SNR is seen, with 5.531% EVM.
For 256-QAM a 3.59 dB of improvement in SNR is achieved. Different test cases of 64-
QAM vyielded an average improvement of 7.508% in EVM and an average improvement
of 4.31 dB of SNR. In-terms of further analysis into signal constellation random noise can

be observed.
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2.8. STRONGLY NONLINEAR SYSTEM CHARACTERIZATION

Strongly nonlinear systems provide the ultimate testing in calibration
performance. Additional effects such as AMAM and AMPM conversation effects that
which does not provide significant distortion to an RF signal in a weakly nonlinear system
can be clearly recognized to influence the RF signal fed through a strongly nonlinear RF
transmitter. A setup of a strongly nonlinear system can be achieved by having a power
amplifier driven into its nonlinear operation regime. A more challenging case is when the
main nonlinear module is an asymmetrical Doherty Power Amplifier (DPA). In addition
to the RF signal being driven through a nonlinear path in-terms of a DPA, the RF signal
propagating though two separate amplifier modules and get recombined at a combiner.

Therefore, in total there are three nonlinear operations in a DPA.

2.8.1. TwO SEPARATE TEST SETUPS USED

Power
Meter

Vector Signal

)| Generator
(SMU 200A)

PC

Attenuator Vector
And —| Coupler ) [ Signal
Analyser

Isolator

Asymmetric Doherty
Power Amplifier board

Fig. 18. Strongly nonlinear system characterization with high input power

The asymmetric Doherty power amplifier board was fabricated in-house and uses
an NXP dual stage LDMOS power amplifier A2108H040NR1 at 700 MHz 5G frequency
band.
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Fig. 19. Strongly nonlinear system characterization at a low input power level with the wide-bandwidth
input signal

2.8.2. STRONGLY NONLINEAR SYSTEM DRIVEN WITH A SMALL SIGNAL

Fig. 19, describes the setup used to test the system under weakly nonlinear
excitations. Although the DPA itself can be classified to be a strongly nonlinear device,
when driven with a small signal input it operates at low power regime, in this instant
overall system behaves as a weakly nonlinear system. Purpose of this test is to observe
the performance of the technique for a weakly nonlinear system with a DPA operating in

a low power regime excited with a wideband signal.
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Fig. 20. The amplitude response of the test-setup as assembled in Fig. 19, of 64-QAM calibrated and un-
calibrated signal magnitude spectrum. Two traces: uncalibrated (blue) calibrated (black). (a)
Passband zoomed view, (b) carrier and image view.
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In Fig. 20, the DPA was driven with a signal that allows it to operate in “low power
mode” for a Doherty power amplifier. This is further identified by observing the spectrum
and no visible compression of the passband magnitude is seen. It can be observed in Fig.
20 (b) that the image component is fully suppressed for the input signal placed at 80 MHz
in IF (Image component, if any should appear at a center of 620 MHz). Moreover, as
indicated by figure Fig. 20 (a) amplitude roll-off has also been well compensated with
about ~3 dB correction. Meaning, that the calibration has been successful in compensating
for both frequency independent and dependent distortion effects.

In validating the consistency of the proposed method, for the system as assembled
in Fig. 19, a calibration was performed using the stimuli and then its performance was
tested for ten uniquely different 64-QAM signals to be certain of the consistency of the
test method Fig. 21.

Validation of consistancy with different 64-QAM signals
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Fig. 21. Strongly nonlinear system driven with the wideband small signal input of different 64-QAM
signals (Test setup as indicated in Fig. 19).

Fig. 21, indicates the response of the weakly nonlinear calibrated system with the
DPA operating at lower power levels with improved SNR and EVM readings. As
observed by the flat response in (2-11 points) both results we can conclude that the results
are consistent, with SNR being within 1dB of variation and EVM calculated to have <1%

of deviation. The first test result was on purpose selected to be the calibration signal itself,
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as expected it shows better EVM (lower value) SNR (higher value) performances in

comparison to other test signals.
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Fig. 22. (a) Uncalibrated case (b) calibrated case, demodulated 64-QAM constellation (Different QAM
modulated signal to that of the stimulus)

For all the different 64-QAM signals uncalibrated case indicated an EVM of ~12 %
and SNR of ~18 dB. On average an improvement of 8.7 % for EVM and 10.6 dB for SNR

can be obtained after performing calibration on the system with the DPA.

2.8.2.1. TESTING WITH 8-PSK SIGNAL
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Fig. 23. (a) Uncalibrated case (b) Calibrated case, demodulated 8-PSK constellation

Testing was performed for an 8-PSK input as well. As seen by analysis performed
by the demodulator an improvement of SNR of 12.33 dB and an improvement of EVM

of 11.135 % was obtained. In comparison to calibrated case uncalibrated case indicates a
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random variation of all symbols within their vector space in the constellation. In analyzing
the entire transmitter chain, even though the signal was amplified by the amplifier further
undesired noise could be introduced to the information signal when it propagates in RF
channel over the air or during capture in the receiver. Therefore, in a real-time practical
application above signal as captured by the uncalibrated case is highly susceptible to
noise, therefore to further improvement of the signal is essential to maintain the integrity

of information transmitted through.
2.8.2.2.STRONGLY NONLINEAR SYSTEM DRIVEN WITH LARGE SIGNAL INPUT

In validating any calibration technique, it is necessary to perform testing under
both weakly and strongly nonlinear presence to understand the applications that it is valid
for. As mentioned in section 2.5, a variety of advantages exists in using a 64-QAM signal.
However, in this section, it is the intention of the author to make use of an even more
challenging case. An asymmetrical DPA presents an even greater challenge to a non-
iterative calibration technique as it has two paths for the RF signal to propagate. The first
path is a class AB biased PA and the second path is a class C biased nonlinear PA, input
signal propagates through both and finally gets combined at the combiner. Under strong
input signal excitation in an asymmetrical DPA, there are three nonlinear units.
Calibration not only has to accounts for distortion in one path with an amplifier but also
to two separate paths and for the constructive summation of signals between those paths.
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Fig. 24. Magnitude Spectrum of uncalibrated strongly (+5 dBm) and weakly (-10 dBm) driven DPA.

The above figure indicates nonlinear compression characteristics of the DPA
operating at strongly nonlinear regime with higher power level (+5dBm) with the raised

side-lobes present in the spectrum with intermodulation distortion (IMD) components.
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Fig. 25. The uncalibrated response of weakly nonlinear DPA (input signal power of -10 dBm)

After comparing both Fig. 24 and Fig. 25 at lower power level the entire system
indicates linear characteristics at a lower power level for this type of clean input signal
level the calibration is unnecessary. However, power amplifiers are more efficient and
deliver more output power while operating at a nonlinear regime therefore application-
wise input signals with higher levels must be used to achieve better Power Added
Efficiency PAE and output power. Corresponding to power level of +5 dBm. However,
as portrayed by Fig. 24 this results in loss of linearity/dynamic range in magnitude
spectrum and as observed by Fig. 29 degradation of signal quality, as useful information

(symbols in the constellation) have now undergone severer distortion.
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Fig. 26. Magnitude Spectrum of uncalibrated strongly (+5 dBm) mildly (0 dBm) weakly (-5 dBm) driven
DPA.

To better present the case Fig. 26, encapsulates the spectral view of nonlinear
system operating at several power levels. Uncalibrated signal capture after demodulation
at the input power level of +5 dBm indicates an output power of approx. 31.25 dBm. At
this frequency range (center placed at 720 MHz) the DPA gain was tested to be of 30 dB,
therefore the DPA is operating beyond the P; dB compression point at an input power
level of +5 dBm. As observed by the frequency spectrum in Fig. 26 the DPA operating at
+5 dBm indicates a higher level of distortion components/ side-lobes around its passband
thus greatly compromising the SNR level to an approximate of 10 dB (refer to Fig. 29,
Fig. 31).
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Fig. 27. Uncalibrated test-setup (Fig. 18 type) indicating an EVM of ~11 % and SNR of 18.7 dB at strongly
nonlinear conditions (+5dBm input)
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Fig. 28. Calibrated test-setup (Fig. 18 type) indicating an EVM of 4.4 % and SNR of 27 dB at strongly
nonlinear conditions (+5dBm input)
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Fig. 29. Demodulated constellation view of uncalibrated test setup under strongly nonlinear conditions. (as
in test-setup described by Fig. 27)
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Comparison with lower input power level of -5dBm (weakly nonlinear)
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Fig. 31. Demodulated constellation view of uncalibrated test setup under weakly nonlinear conditions.
AMPM conversion can be clearly observed from the constellation rotation.
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Fig. 32. Demodulated constellation view of calibrated test setup under weakly nonlinear conditions.
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Following Fig. 31 and Fig. 32 AMPM conversion has been fully compensated after

performing of calibration along with the 3dB improvement of SNR and 1.2 % of the

reduction in EVM.

Table 1 Comparison of different test setups; linear, weakly nonlinear and strongly nonlinear.

Linear Weakly nonlinear Strongly nonlinear
(-10 dBm) (-5dBm) (+5dBm)
Metric
Uncalibrated | Uncalibrated | Calibrated Uncalibrated Calibrated
(Fig. 68) (Fig. 31) (Fig. 32) (Fig. 29) (Fig. 30)
EVM 2.359 4,503 3.252 11.491 4.468
(%)

After comparing test results indicated by uncalibrated strongly nonlinear case (Fig.
29), calibrated strongly nonlinear case (Fig. 30) and weakly nonlinear uncalibrated case
(Fig. 31) based on EVM, view of demodulated constellation points performance of the
calibrated strongly driven nonlinear system (+5dBm input) performs better/similar than
that of an uncalibrated weakly nonlinear system driven at an input power of -5dBm. In
other words, in-terms of linearity it is as if though if the nonlinear system is driven by a
lower level of input power (of -5dBm) but delivers a higher level of output power that
corresponds to an input of +5 dBm.

Notably, it was observed in practice that the AMPM distortion (Fig. 31 test-setup
driven at an input power level of -5 dBm) occurs before AMAM distortion (Fig. 29 test-
setup driven at an input power level of +5 dBm) as explained in reference [15].
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2.9. CONCLUSIONS

Challenges present in RF path calibration described in Section 2.1, have been
successfully addressed by experimental tests with the use of four different test-setups
presenting both weakly and strongly nonlinear system impairments with the use of a
variety of test cases (section 2.5 to section 2.8). Impairments that exist within an RF
transmitter path occur due to individual components and have been identified and
presented (in section 2.1). A novel calibration technique based on constellation mapping
has been invented as well as characterizing weakly nonlinear behavior the technique has
also proven to capture phenomena such as memory effects that indicate a significant
presence in strongly nonlinear systems as depicted by experimental test results. In
comparison with existing methods, specific advantages of the proposed method were
highlighted and were experimentally validated (section 2.4 and section 2.5-2.8).
Additionally, other methods such as magnitude spectrum characteristics were discussed
in identifying impairments and as a method to observe the correction performed after
calibration in section 2.3.1 From the experimental test results obtained; a few noteworthy
mentions are, for weakly nonlinear testing at S-band 8-PSK test signal and 256 QAM
signal yielded EVM of near 1.9 % with an SNR of ~34 dB (improvement was ~10 dB).
For weakly nonlinear testing at Ku-band six different 64-QAM signals resulted in an
approximate EVM of 3.14 % and average SNR of 30 dB, with 7.5 % average increase of
EVM, and of the average increase in 4.235 dB of SNR. Testing performed with Doherty
power amplifier with small signal input indicates an average improvement of 10.6 SNR
and 8.7 % in EVM leading to ~3.6 % and SNR of 28.8 dB. Most importantly a strongly
driven nonlinear system at +5dBm indicated an improved linear performance in-terms of
EVM and SNR values as if though it was driven by -5 dBm input that equates to the
performance of the uncalibrated mildly nonlinear system.
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Chapter 3
N-way Digitally Driven Doherty Power Amplifier
For Ku-band Applications

The aim of this chapter is to present a novel design of a four-way digitally driven
Doherty power amplifier (DPA) for Ku-band applications aimed at conserving power with
increased efficiency. This is achieved by building a large signal amplifier using several
small signal transistors arranged in a four-way digitally driven Doherty amplifier
architecture. The proposed DPA is intended for future wireless communication
applications in satellite communication services such as Lower Earth Orbit (LEO) and
Medium Earth Orbit Satellite (MEO) constellations.

3.1. NEED FOR A N-WAY DIGITALLY DRIVEN DPA

DC Input

RF Signal nput ) | PA B+ signal utput

L

2 Heat dissipation

Fig. 33. A visual illustration of different types of power conversions of a power amplifier.

A power amplifier (PA) is a component that is used in a base-station which amplifies
the useful RF signal that carries information to be transmitted wirelessly allowing

communication (in the case of a wireless transmitter). As with most physical systems, the
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power amplifier is not 100% efficient, there is a loss of power in its power-transfer
mechanism. As visually illustrated by Fig. 33, the DC input power supplied to the PA is
larger in comparison to the RF signal output (signal with information) meaning; energy
into the system is much more than the energy that has been converted into a useful output.
According to [54] and [55], a significant portion of power is consumed by a power
amplifier in a base-station, leading to a value of 65% of the overall power consumed by
the base-station. Therefore, the efficient operation of a power amplifier is of vital
importance as it saves a lot of energy while meeting the user demand. Percentage
distribution of power consumption in a base-station can be illustrated by a tree-map as in
Fig. 34. [55].

Power Consumption within a Basestation

M PA with feeder M Power Supply M Air Condition Signal Processing

17.5%

Air Condition

PA with feeder

Fig. 34. A tree-map chart of power consumption in the percentage of that of a base-station

As highlighted in [55] it has been identified that mobile base-stations and mobile
switching centers are contributors to the CO2 emissions (electricity usage) and the number
of such facilities has and are set to increase rapidly over the next few years. Therefore,
any improvement in efficiency and linear performance of a power amplifier would result
in greater savings of energy and would help to minimize the effect on the climate posed

by the base-stations.

In contrast to issues of power wastage in base-station transmitters, there needs to be
a platform to address the needs of the customer while preserving energy efficiency. For
example, modern-day user habits expand to on-demand streaming applications such as
broadband internet access, online gaming, etc. Additionally, the emphasis has also been
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on connected broadband wireless infrastructure on all areas across the globe covering
even the furthest rural areas. Not only a service such as satellite-based communication
service helps to fulfill the requirements of the modern user but also helps to better allocate
resources and to provide better connections in much-needed disaster management
situations even in access limited areas. Low earth orbit (LEO) and medium earth orbit
(MEO) satellite constellations have been identified as a possible solution to address
service requirements above. Both LEO and MEO operate below geostationary orbit,
meaning transmission at a lower power is sufficient to establish a communication link as
the path loss is much less. Satellite manufacturers are leaning towards smaller size and
low-cost deployments of satellites in constellations to cover the earth. Therefore, in
supplying the high demand requested by the user wireless base-station transmitters
emphasis is more focused on efficiency and linearity with low power output. Integral to
this application is the Ku-band operating frequency range, that has already been and is
further expected to be widely used by communication satellites. It is expected that a four-
way DPA configuration would supply a linear amplified output response for a wideband
signal at Ku-band frequency range as a four-way configuration is well suited at handling
signals with varying PAPR levels. Implementing digital control over the input power
distribution would allow efficient and linear operation of the overall DPA. Therefore, in
conclusion, to meet the demand a four-way or further derived an N-way digitally driven
Doherty configuration can be identified as a suitable choice for the proposed application
and for future communications where higher data rates and spectrally efficient highly

complex signals are being used incorporating multicarrier and multi-standard solutions.

3.2. EXISTING DOHERTY POWER AMPLIFIER TOPOLOGIES

As described in section 1.1, to meet the challenges of the future wireless
communication systems, RF hardware needs to be well designed to integrate well with
the needs of the spectrally efficient complex envelope modulated input signals that are
designed to meet the future mobile communication standards. It has been identified that a
DPA consisting of two different amplifiers operating on the principle of load-modulation
(described in section 3.3) provides amplification for signals with different amplitude

levels while maintaining an acceptable level of efficiency. Therefore, Since the invention
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of DPA in 1936 by William Doherty [18] there has been a large body of work in applying

doherty configuration into solid-state power amplifiers (SSPA).

3.2.1. SYMMETRICAL DOHERTY POWER AMPLIFIER

T
o o
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Input Output Lines
Matching Matching
Network Network
Power L Power

Input Splitter —iCombiner
Power 50
Source Input Output Ohm
> Matching Matching
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= Input for aki :
Peaking Peaking Lines

+

I T

Fig. 35. General topology of a single input symmetrical Doherty Power Amplifier.!!

The simplest topology of a DPA is the symmetrical single input Doherty Power
Amplifier. First the analogue power splitter divides the input power into the two paths.
For a symmetrical design it is a 3dB split providing equal power to both power amplifiers.
Input and output matching networks help to match the impedance of the device to that of
the desired input and output impedance values. These are generally matched to 50 Ohms
or that of the power splitter and the output match depends on the topology of the power
combiner. The carrier and peaking power amplifiers themselves are chosen to be equal in
their nature. If there are any phase offsets between the two paths due to manufacturing
process or etc. tuning of offset lines provides balance between the paths. A Doherty power
combiner takes the amplified output signal from both paths and sums them constructively.
Additionally, it also provides the impedance match between the junction impedance to
the output load impedance, which is typically set as 50 Ohms. A detailed discussion of
the power combiner will be given in section 3.3 with basic load-modulation. In terms of

the proposed application of using DPA in a LEO and MEO satellite communication link,

1 (Power combiner shown is a Doherty Power Combiner with the inclusion of the impedance inverter and
impedance converter, functions of these are discussed in-detail in subsequent pages)
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there exists several advantages and disadvantages of using this architecture. Even-though
a symmetrical DPA indicates suitability in handling signal with two amplitude levels such
as 16-APSK modulated DVB-S2 (Commonly used for satellite communications) signal
in-contrast to a single PA module, along with higher amplitude levels such as 32-APSK
modulated DVB-S2 signal with an approximate PAPR level of ~8dB or even further, loss

in efficiency and power is expected.

3.2.2. ASYMMETRICAL DOHERTY POWER AMPLIFIER

The main characteristic of an asymmetrical DPA is that the ratio of the resultant
output power given from the two amplifiers are not similar. Instead in general in an
asymmetrical design the peaking amplifier path is designed to deliver output power over
a wider range than the carrier amplifier [42], [19]. If we list the maximum output power

from the carrier amplifier as P40 and power generated from the peaking path as
Ppeakingl

a = Pcarrier/Ppeaking (3)

For a symmetrical DPA a = 0.5, meaning equal amount of output power is generated by
the two paths. However, it is also possible to have a different value for a. For example,
a = 0.25, meaning more output power is generated by the peaking path relative to that
of the carrier. Havingan a = 0.5, would suggest that one-fourth of the total output power
of the DPA is generated at the low power region by the carrier amplifier. This means the
turning on of the peaking path takes place at -6 dB in relation to the maximum output
power generated by the DPA, this is commonly termed as output back-off level (OBO) in

the literature. As shown in (4), the relationship can be written as [42], [19],
0BO = —20-log10(1/a) )

Which is an acceptable scenario when a signal with lower PAPR level is driving
the DPA. In terms of our application for future satellite communications, as anticipated
the PAPR of the input drive signals can be ~8 dB or more (anticipated). Therefore, an

asymmetrical design is plausible for example an a = 0.25 following equation (4) will
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yield a back-off level of -12.04 dB. Meaning the peaking path is able to facilitate a signal
with high PAPR. However, due to different classes of operation of the two devices the
resultant gain of both paths is not guaranteed to be similar. In the analogue domain this
can be mitigated by using a relatively high-power device for the peaking path as explained
by [68] or by using an uneven power drive. However, as mentioned in [21], [22], [24] the
use of analog splitter at the input even-though the power division ratio can be adjusted
between the two paths, it does however, waste some amount of power till the auxiliary
paths are fully turned on. The best method to mitigate this is to have digital control over
the input powers on each branch, which enables saving of power that would have
otherwise been wasted in a conventional analog only input structure by allowing signal
into the auxiliary path at high enough drive level. Because of having digital control over
the paths, it has been reported in the literature that improved load modulation performance
can also be obtained due to the effective distribution of power in both branches [21].
Therefore, for the proposed application, having digital control of input paths is beneficial

as power conservation is of significant concern for the application.

3.2.3. DIGITALLY DRIVEN DOHERTY POWER AMPLIFIER
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Fig. 36. An example architecture of a digitally driven DPA.

In accordance to Fig. 36, an example architecture of a DPA is presented. In the

literature, examples such as [21], [22], [24] demonstrate the function of the digitally
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driven DPA. Digital signal processors allow the distribution of the input signal into two
paths, additionally it can also provide digital alignment of the phases for the two paths.
Meaning analogue impairments that are existent in the paths and between the paths can
be compensated. Allowing digital input power supply as described in [21], [22], [24]
reduces the power wastage into peaking/auxiliary branch when it is not in use at a lower
level of amplitude of the input signal. This helps to increase the overall efficiency of the
DPA. The above mentioned practical usefulness of having digital control enhances
constructive summation of the signals propagated within the paths at the DPA combiner
thus yielding greater linear performance. The digital to analog converter (DAC) performs
the signal conversion from the digital domain to the analog domain and does the up-
conversion to feed the DPA board (an example block diagram highlighting the individual
components of the DAC and the up-conversion block can be viewed from Fig. 1). Input
and output matching networks and the power combiner functions as mentioned earlier in

sections 3.2.1 and in sections 3.2.2.

Advantages in having a digitally driven DPA for the proposed application can be
summarized as; improved power conservation thus improved efficiency, suitability of
adjusting the input signals to allow impairments of an individual RF paths separately (as
described in section 2.1). [21], [22], [24].

3.2.4. N-WAY DOHERTY

Advantages of a digitally driven architecture for DPAs can be well identified from
their superior performance in comparison to fully analogue DPAs. However, they can
only perform to the maximum extent that the hardware allows. Reconfigurability in a
wireless system is necessary to meet the criteria for the future wireless communication
standards. This is where the proposed concept of utilizing several small signal devices to
develop a large signal amplifier would be helpful as with digital control the individual
small signal devices can be turned on or off or individually controlled. i.e. If a path can
be identified in the future to be defective the power distribution to that path can be

switched-off. Additionally, several small signal amplifiers designed for maximum linear
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operation when combined effectively can achieve the output power required for a power
transistor with better linearity. In applications such as LEO or MEO this operation is often

desired.
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Fig. 37. N-way architecture of a Doherty Power Amplifier, with a N-way power splitter and a combiner
and at the input and output respectively.

Reference to Fig. 37, conventionally amplifier 1 is selected as the carrier,
amplifiers 2 to N will be peaking paths and correspondingly the combiner and power
splitters will be designed. The conventional purpose in having an N-way architecture as
well described in [19] is to have superior performance at back-off levels. Meaning when
a signal with high PAPR is supplied to the N-way DPA. Carrier path will be handling the
signals the lowest amplitude and each of the other paths will correspondingly get activated
for a sufficient enough input power level for them to conduct. This operation will help to
maintain performance of the overall DPA across a wide range of amplitudes.

A three-way Doherty structure can also be incorporated in a die assembly [23]. As
mentioned in [23] the advantage of such a structure is to obtain a wide bandwidth
performance and higher efficiency at several back-off levels in comparison to a two-way
structure. As an advancement to conventional three-way structures, a three-way concept
of a digital Doherty transmitter capable of achieving extended bandwidth is explored in
[22].
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Although, an N-way fully analog DPA architecture has more flexibility in design
in comparison to the symmetrical or asymmetrical DPA. However, like a symmetrical
DPA the analogue input power distribution causes losses and imperfections as described
earlier. An analogue power splitter does not allow flexibility in the input signals to the
separate branches of the DPA, i.e. in a situation where more output power is needed,
reconfiguration of one of the peaking paths into a carrier path thus yielding continuous
operation through the input waveform is not possible to achieve. A digitally controlled
input however, would have been able to overcome this by digitally supplying the phase
offsets and provide the function of the output impedance inverter to an acceptable
extentl2. Moreover, individual attention to mitigate the impairments of each of the
separate RF paths to yield a better performance cannot be offered, therefore, for the
proposed application N-way architecture alone would not suffice.

3.2.4. N-WAY DIGITALLY DRIVEN DOHERTY POWER AMPLIFIER
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Fig. 38. N-way architecture of a Doherty Power Amplifier, with a N-way power splitter and a combiner

and at the input and output respectively.

Adopting a digitally driven N-way Doherty architecture as depicted in Fig. 38

above, allows further flexibility in;

12 A detailed study in waveform engineering is necessary to achieve such performance, however, this is
beyond the scope of this work only the initial idea is proposed to justify the future possible applications.
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1. Supplying path-oriented RF input signals.

2. Turning-on and turning-off the input signal at the desire of the user.

3. Inaddressing challenges of cases such as that of mentioned in Section 3.1
in rural areas or in disaster management situations where input power is in
limited supply, all paths can be tuned to have class C bias levels and
transmit RF signals at a low power with low thermal dissipation. 13 For
the present work a simple symmetrical distribution of power was used to
supply between carrier and peaking paths. The carrier was biased in class
AB for linear performance and gain, peaking paths biased in class C for
higher input amplitude turn-on and for efficient performance.

4. N-way architecture offers effective handing of signals with high PAPR.
This allows applications such as on-demand streaming and broadband
internet access, which consists of higher the data rates that results in higher
modulation schemes with high PAPR to be handled comparatively better.

5. Interms of satellite applications, a spectrally efficient modulation schemes
such as OFDM has been widely spoken and is set to applied over satellite
transmissions. In terms of time domain view of such signal it again
simplifies into a multiple input amplitude levels with a high PAPR
characteristics. Therefore, a digitally controlled N-way architecture would

most certainly be an option to consider for any spectrally efficient scheme.

In summary for different architectures of DPAs we have progressed through
symmetrical, asymmetrical, digitally driven (two-way), and N-way Doherty, and have
identified the most suitable architecture for the proposed application as a digitally assisted
N-way solution. Which is a combination of N-way DPA and digitally driven architecture
described in sections 3.2.3 and in 3.2.4. For illustrating the validity of the concept, a novel
small signal amplifier based four-way digitally controlled architecture with a unique
impedance transformation ratio combiner has been simulated in this work and is explained

in detail in section 3.3.

13 Waveform engineered solution is necessary to maintain Doherty like operation and would be beneficial
in this type of operation to gain the maximum possible performance.
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Above mentioned background review of existing DPA technologies has yielded a
suggestion to implement the structure of a small signal four-way digitally assisted solution
to address the challenges faced in satellite applications. The viability of the proposed
concept of developing several small signal amplifiers to yield the performance that of a
high power large signal amplifier with improved linearity, PAE and output power can be
better understood as in table below by performing a fair comparison with existing
solutions which were designed to address challenges of similar applications which falls
into the category of ~<1W of output power and that are designed to operate at a similar

frequency range.

Table 2 Comparison of different Power amplifiers and topologies used in similar applications.

Operational Output* | PAE* Architect
Reference ((3;";)‘ rgnge | ower | (@) Process Or
(GHz) (dBm) Technology
[57] 8.6 9.5-18.5 ~19 14.4 SiGe HBT Dig;[)i?éial
Cascode
[58] ~16 12-16 24.45 29.1 SiGe One-stage
BiCMOS Casecode
[59] 29 8.5-10 21 19 CMOS Push-pull and
Transformer
17.2
115 (17 GHz-band) 17.8 15.6 CMOS
[60] Push-pull and
17.2 Transformer
145 (17 GHz-band) 17.1 9.3 CMOS
[61] 17.3 10 SiGe Two-stage
236 8-13 BiCMOS Cascode
[62] 21.4 16.7 SiGe Two-stage
7 14.8-18.2 :
2 BiCMOS Cascode
. Combination
631 | 128 | 135145 | 30 37.5 | SIS | ori6 unitcel
BiCMOS PAS
[64] 335 ~29 Packaged
25 12.5-16 pHEMT amplifier
[65] 30 31 Packaged
25 12.5-15.5 pHEMT amplifier
[66] 19.8- 28.8- 52 Dual stage
208 | 5135 | 908 PREMT | mmicpa
[67] 41 GaAs Symmetrical
17 15 21 PHEMT DPA
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[69] 8 17-18 o5 40 GaAs Single stage

class D, DPA
[70] 38 Dual stage
12.5 22.8-25.2 30.9 GaAs class D, DPA
[71] Single
71 8-13 asymmetrical
1.2 (X-band 9.5 G) 29 35-42 GaAs stage class D,
DPA
Digitally
Thiswork | 5.1- |, o | 1920 | 401 | e Driven
7.72 - UECEPH discrete N-

way Doherty

* In each case saturation point values or 1dB compression point for output power was chosen. Recorded best case at a given

frequency was chosen as the corresponding PAE value for each case.

1. Following frequency sweep for two-way architecture, four-way design was successfully tested for 800 MHz wide-band signal. Fig.
51. and Reference [29] Figure 6.

2. Adjusting of peaking amplifier biasing stages allows the flexibility in obtaining better gain and PAE values for different applications.
Fig. 48.

3. Four-way architecture allows a maximum of 40.367% of PAE, while two-way architectures allow 40.980%.

4. Two-way architecture allows a maximum output power of 16.921 dBm while four-way architecture allows 19.2 dBm of saturated
output power.

Upon considering the output power level and design frequency concerned in the
proposed application, similar such applications as observed by designs the in Table 2,
structure is dominated by mostly CMOS or integrated solutions. Recent trends indicate a
shift toward designs implemented with Monolitic Microwave Integrated Circuits (MMIC)
or highly integrated signal or dual stage device structures. A few are of Doherty type [67],
[69], [70], and [71]. In comparison to these gains and PAE of the proposed method is
comparable, however in terms of output power it indicates a lower value for four-way
architecture. This can be mitigated by having a higher number of stages and as
demonstrated by Fig. 49 it is possible to increase the output power in-doing so without
degrading the efficiency overall. Another possibility is to use a large signal power
transistor itself to achieve a high-power output, however, this may compromise linearity.
Therefore, in comparison with DPA architecture solutions the main differences of the
proposed method are the use of discrete devices, a discrete solution may provide a
controllable thermal environment at the cost of the real-estate used for the board. Another
distinguishable characteristic is that all other architectures discussed use a standard
symmetrical, asymmetrical or multi-stage architectures however, an N-way solution or a

digitally driven solution was not indicated. The proposed design would have an advantage
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device and its possible mechanical arrangement etc. Intended application in this case for

the Doherty amplifier is to be a part of a wireless transmitter base-station to establishing

a communication link with LEO and MEO satellites where linearity and efficiency are of

greater concern. Additionally, available resources for the designer can also be considered

such as device models, S-parameter data, loadpull sweep data, data-sheet, measured data

based on experimental evaluation boards provided by the device manufacture etc. All of

the above-mentioned information can be used to verify the performance of the device

model. An example of S-parameters sweep results is indicated in Fig. 39.
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Design an 1nitial
power combiner

Loadpull
simulations

|

Design of
Input and output
offset lines

S11Plot of measured (red-o) and

S22 Plot of measured (red-o) and

model data (blue-x) model data (blue-x)
20 15
10 20
1 5]
0
] 30
e 35
B L R B O B e A e
0 5 10 1B 2 2% 30 0

S21 Plot of measured (red-o) and
model data (blue-x)

30

S12Plot of measured (red-o) and
model data (blue-x)

Adjusting of b1as | mmm—
level of peaking | m—

Perform
single tone and multi-tone
simulations

Fig. 39. An example design flow for a design of symmetrical DPA and a comparison of measured and
modeled performance of S-parameters of the device used.
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