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Abstract

There is immense research in developing digital transmitters that are multi-standard and
reconfigurable. A promising technique is RF Digital to Analog Converter (RFDAC), where the
input digital baseband signal is directly converted to an analog RF signal. The existing RFDAC
based transmitters use mixers and adopt filtering to avoid mixer spurs. Polar transmitters too use
mixers and need filtering. The use of RF filtering in these transmitter topologies limits the
bandwidth and therefore the multi-standard reconfigurability of such transmitters.

This thesis aims to develop mixerless transmitter architectures that are reconfigurable. A
mixerless polar modulator-based transmitter and a mixerless three-way amplitude modulation
based transmitter are proposed for OFDM signals. The proposed architectures translate the
baseband signal to RF without using mixers. The topologies do not have any emissions over a
wide frequency band. The large RF bandwidth and the absence of filters make the designs more

reconfigurable and suitable for integration.
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Chapter One: Introduction

Wireless communication has become an inevitable part of our day to day lives. More than being
a tool for conversation, it finds application in the field of engineering, medicine and military [1].
This tool which facilitates exchange of information plays a key role in the social and economic
development of a country. The development in the integrated circuit industry has resulted in
smart phones with better data and signal processing power. The reduced cost of production in
semiconductor industry has also boosted the development of better communication devices.
Smartphones that match the processing power of laptops and desktop machines have been
developed in the recent years. To make use of the signal processing power of these phones,
signal modulation schemes with higher data rate and efficiency are needed [2]. The demand for
high speed communication systems has witnessed the development of different communication
standards and protocols.

Different communication standards like Wireless Code Division Multiple Access (WCDMA)
and Wireless Local Area Network (WLAN) should be supported by the devices. The
communication industry has witnessed the evolution of 3GPP communication signals with
higher data rate and complex modulation schemes [3]. Signal standards like Long Term
Evolution (LTE), based on Orthogonal Frequency Division Multiplexing (OFDM) operates in
different bandwidths and modulation schemes, and thus requires high performance transceiver
systems [4]. Over the years, these communication standards have evolved to incorporate higher
data rate, efficiency and better network security. LTE Advanced (LTE-A), evolved from LTE
allows the operators to deploy bandwidths up to 100 MHz through carrier aggregation [5].

As these standards evolved, the development of radio hardware became inevitable. The evolution

of different signals forces the upgrade or replacement of the existing radio hardware.
1
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Figure 1.1. Ideal software defined radio: (a) transmitter, (b) receiver.

The new hardware should also have backward compatibility to support the devices which still
work on older communication schemes.

The research community has always been trying to develop generic transceivers, which can cater
to the needs of different standards. Thus, the evolution of modern communication signals has
ignited the quest for multi-standard transceivers. There is immense research in developing
transceivers which cater to the needs of these signals with complex modulation schemes. The
aim has always been to move the digital domain of hardware as close as possible to the antenna
to realize an ideal Software Defined Radio (SDR) [6].

An ideal SDR supports any kind of waveform by modifying the software or firmware, but
keeping the hardware unchanged. In this definition, the term waveform refers to a signal which
has a specific value for parameters like carrier frequency, modulation scheme etc. The ideal SDR
as defined in [7] is shown in Fig. 1.1. The microprocessor performs the mapping of the user data
to the desired waveform. The Digital to Analog Converter (DAC) directly converts the digital
samples to RF signal, which will be transmitted by the antenna. In the receiver side, the signal
captured by the antenna is sent to the Analog to Digital Converter (ADC). The digital samples

obtained at the output of ADC will be processed by the microprocessor to get back the user data.
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Figure 1.2. Conventional analog transmitter.

The progress towards such an ideal and elegant software radio has just started and there are
several challenges in this journey. This thesis focusses on the transmitter side of the
communication systems. In the progress towards an ideal transmitter, the parameters to be
considered are integration, re-configurability and cost efficiency.

An ideal transmitter should not limit the bandwidth or the carrier frequency of the signal. Fig. 1.2
shows an implementation of a conventional analog transmitter. There are many off-chip
components like power amplifiers and filters, which are band-limited. The DACs have to operate
at very high sampling rates to have direct baseband to RF conversion architectures. Broadband
power amplifiers are needed to meet a wide frequency range. There is multiple filtering involved
to meet the spectrum masks and this limits the RF bandwidth of the transmitter chain. Rather
than using multiple parallel chains of radios for different signals, radios that are multi-standard

and reconfigurable are needed.



1.1 Radio transmitter fundamentals

The transmitter and receiver are the key blocks of every radio. The transmitter performs the
functions of digital modulation, frequency up-conversion and amplification of the signal before it

is transmitted through the antenna.

| VGA
1. D m
A
DSP LO—> 0/ / E
| 90
Q D J/-X_/(
A
VGA

Figure 1.3. Conventional analog quadrature RF transmitter.

The commonly used transmitter architecture is the direct conversion transmitter topology [8] as
shown in Fig. 1.3. The digital 1 and Q signals are given to the corresponding DACs. The DACs
satisfy the Nyquist criterion, so as to move the DAC replicas away from the required band. These
replicas are then removed by the reconstruction filters after the DAC. The gain of | and Q paths
are adjusted using the VGAs and given to analog quadrature modulator. The Local Oscillator
(LO) frequency is equal to the required RF frequency. This quadrature up-converter has two
mixers which accept the LO with 0 and 90 degree phase shifts, and then multiplies them with 1
and Q signals respectively. Thus, the modulator translates the baseband 1Q signal to RF. This
signal is amplified by the RF power amplifier (PA) to the required power level, and then

transmitted through the antenna. The filters are used to suppress the out-of-band emissions.



1.2 Transmitter key parameters

1.2.1 Linearity

An important requirement of a transmitter is linearity. A transmitter is said to be highly linear if
its output is directly proportional to the input signal. The transmitter should be highly linear to
produce a signal of high quality and keep intermodulation distortion to a very low value. A
signal applied to a nonlinear system results in harmonics, which is measured using a two tone
test [9]. When a signal of two tones is fed into a nonlinear system, intermodulation products are
obtained at different frequencies. The second order harmonics lie away from the required signal
band and can be filtered out. The third order products are of critical importance as they fall close

to the required fundamental tones as shown in Fig. 1.4.

P1 P2

—> System | —p T T

f1 f2 2f1-f2  f1 2 2f2-f1

Figure 1.4. Intermodulation: two-tone representation.

A high linearity of the transmitter results in intermodulation products of very low value as
compared to the power of the fundamental tone and results in minimum in-band distortion to the
signal. The out-of-band distortion results in spectrum regrowth and prevents the transmitters
from adhering to the spectrum mask of the communication standard. The in-band distortion is
quantified using a figure of merit called Error Vector Magnitude (EVM), while the out-of-band
distortion is quantified using a figure of merit called Adjacent Channel Power Ratio (ACPR).

5



1.2.2 Error vector magnitude

Error vector magnitude (EVM) is a measure of quality of modulation and the error performance
in complex wireless systems. The performance of transmitters can be evaluated in terms of
EVM. EVM measurements are also used as an alternative measurement for Bit-Error Rate (BER)
measurements. Multi-symbol modulation schemes like Phase-Shift Keying (M-PSK) and Multi-
level Quadrature Amplitude Modulation (M-QAM) use EVM as a performance metric. These
modulation schemes are used in combination with Orthogonal Frequency Division Multiplexing
(OFDM) modulation scheme in modern communication signals like Wireless Local Area
Networks (WLANSs) and Long-Term Evolution (LTE).

EVM is calculated as the vector difference at a given time between the ideal (transmitted) signal
and the measured (received) signal. These measurements help in identifying the sources of signal

degradation like 1Q imbalance and nonlinearity.

Error vector

Measured

Ideal

v

Figure 1.5. EVM measurement in constellation.

EVM measurement is used to verify if the transmitter conforms to the 3GPP radio transmission
standards. This standard has predefined EVM values for different modulation schemes and

different signals like LTE and WLAN. Usually, it is stated as a percentage.
6



The EVMs value, which is the RMS value of several error vectors averaged over the given time
interval, is used in the performance evaluation of the transmitters for broadband modulated

signals. As given in [10], EVM;ns can be mathematically expressed as,

1 N 2
N ‘Sideal,r ‘Smeas,r‘
x100

RMS ~ 1 N ‘ 2
Nrél ideal,r

where, Speas IS the normalized r™ symbol in a stream of measured symbols, Sidealr IS the ideal

(1.1)

normalized constellation point for the r' symbol, and N is the number of unique symbols in the

constellation.

1.2.3 Adjacent channel power ratio

Adjacent channel power ratio (ACPR) is used to characterize spectral regrowth in nonlinear
systems. In wireless communication, it is a measure that gives an idea about the signal distortion
at the output of the power amplifier, the last stage of the transmitter. The nonlinearity in the
device causes this spectral regrowth, which may cause interference in the adjacent channels.
ACPR can be defined as the ratio between the out-of-band power spectral density at the specified
offset channel and the in-band power spectral density.

ACPR (dBc) = Posfset (dBmM) - Pinpang (dBmM) (1.2)
The offset frequencies and measurement bandwidths are defined for the standard that is used. For
LTE signal waveform format, the term Adjacent Channel Leakage-power Ratio (ACLR) is used.
In the case of LTE signal with a bandwidth of 1.4 MHz, the minimum ACLR requirement is 45
dBc [11]. LTE signal with a bandwidth of 1.4 MHz has a maximum occupied bandwidth of 1.08

MHz [12]. For ACLR measurements, an offset of 1.4 MHz is taken from the carrier and the



power is measured over a transmission bandwidth of 1.08 MHz around this offset. This power is
compared with the channel power around the main carrier, measured over the same transmission

bandwidth.

1.3 Digital radio transmitters

Radio transmitters have evolved over a period of time to support broadband modulated signals.
In this modern and highly competitive telecommunication market, these transmitter architectures
should be cost effective along with optimum performance delivery. As mentioned in the
introduction, the development in the CMOS industry has played a key role in reducing the
production costs. However, to take advantage of this chip revolution, transmitters that are more
integrable are to be developed. By avoiding bulky components, the cost and the size of these
architectures can be reduced. As indicated in [13], CMOS process is suited for digital circuits as
analog circuits cannot be scaled down continuously when a particular level of performance is
targeted. The replacement of bulky analog components with their digital counterparts helps in
reducing the power consumption and the chip area. This basic requirement has pushed the
demand for more digital transmitter topologies.

There has also been a drastic demand for high speed DACs in transmitter circuits. The target was
to increase the output frequency of these DACs so as to limit the number of mixing stages and
analog blocks before the antenna [14]. However, these high speed conventional DACs have
issues of sampling jitter and nonlinearity [15].

Several transmitter topologies have been proposed in literature to make the transmitters more
digital and reconfigurable. A promising and a recently developed technique of making

transmitters closer to the ideal SDR topology uses Radio Frequency Digital-to-Analog



Converters (RFDACSs), which take the digital baseband signal as input and directly convert it to

an analog RF signal at the output.

1.3.1 RFDAC fundamentals

Digital D/A Conversion Analog

+ .
Up-conversion REF signal

1

RFDAC

baseband signal

Figure 1.6. RFDAC representation.

In RFDACS, digital-to-analog conversion and frequency up-conversion mixing are combined
into a single block. Hence, analog baseband processing can be avoided as the digital baseband
signal is directly converted to analog RF. The baseband filters and the VGAs, as shown in Fig.

1.7 can be avoided by employing RFDACs [16].

RFDAC

coswLot

| I |
QE D J/_X_J E Band pass
— A ! filter
: VGA I !
D e o o o o o o o e e e o o e e e e e e e e e e d o |

sinLot

Figure 1.7. Conventional transmitter with components replaceable with RFDAC [16].
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Figure 1.8. Unit element of RFDAC proposed in [16].

The idea of RFDACs was put forward by Luschas et. al [16] and the team of Zhou and Yuan
[17]. In these works, a modified topology of current-steering DACs was utilized to realize the
architecture. The unit element of RFDAC proposed in [16] is shown in Fig. 1.8. A sine wave at
the frequency of LO modulates the tail current source. The DAC output signal is converted to the
frequency of LO signal through mixing operation. The unit elements of these RFDAC
architectures had Gilbert cell [18] based mixer topology and the transistors were used as high
speed switches.

RFDACs combine the mixer and DAC in a single current-steering stage. In the case of
conventional direct conversion topologies, a trans-impedance stage converts the current output of
current-steering DACs to a voltage for analog processing which includes filtering. After this
analog processing, this voltage is converted back to current using a trans-conductance stage in
front of the up-conversion mixer [13]. Conventional transmitter topologies which have several
intermediate frequency stages, multiple voltage to current conversions happen, which affect the
linearity of the system. In the case of RFDAC based architecture, the linearity of the output RF

signal is affected only by the degradation in the Gilbert cell based mixers [17].
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As the digital baseband signal is converted directly to analog RF, the DC offset in analog
baseband signal is absent. Hence, carrier leakage due to this DC offset is avoided and the only
leakage is due to the coupling of the LO signal to the output. As the trans-conductance stages are
absent, the transistor mismatches are reduced, resulting in lower | and Q signal imbalances [19].

In normal 1Q transmitters, reconstruction filters after the DACs are used to suppress the sampling
replicas. The output of these filters is given as input to the mixers. However, in the case of
RFDACS, as the DAC and mixer are combined together, this reconstruction filter after the DAC
is absent. If these images are not suppressed, they get translated to RF and interfere with the
required signal. In most of the previous works having RFDAC architecture based on mixer
topology, different techniques are used to suppress these emissions. The challenges faced in

combining the DAC and the mixer together into a single block are described in [13].

1.3.2 Suppression of RFDAC emissions

Direct-digital modulators based on RFDACs employ different techniques to reduce the DAC
emissions and distortion from the mixers. In [17] a direct-digital RF amplitude modulator, using
a 10-bit linear interpolation current-steering DAC and a Gilbert cell based mixer was proposed to
generate an amplitude modulated RF signal directly. Linear L-fold interpolation was employed
in this architecture to suppress the DAC image components. The DACs generate linear and
differential baseband current signals and they are sent to the mixer directly. As no low-pass
filters are used, the trans-conductance stage used in conventional Gilbert cell based mixers is

eliminated.
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In [20], RFDAC based modulator was realized using delta-sigma modulator and a semi-digital
FIR filter topology to suppress the noise and spurs. In this architecture, the digital IF signal is
noise shaped using a band-pass sigma-delta modulator. This is followed by FIR filters,
constructed using digital tapped delay lines and current sources. Inside the RFDAC there is an
embedded current-mode mixer. The LO signals switch the current sources in mixer and up-
convert the digital IF to analog RF. The up-converted currents are summed together to produce
an analog RF output. According to the authors, the sources of non-idealities in this architecture
are the filter coefficient errors, impedance matching and clock jitter. This architecture also needs
FIR filters of higher length to reduce the out-of-band quantization noise for using this topology
in wireless standards having stringent spectrum mask requirements.

A LC band-pass filter is used in [21] to suppress the images generated from the RFDAC
architecture. Digital to RF modulator based on delta-sigma modulator is followed by a passive
LC filter in this topology.

Fig. 1.9 shows a direct-digital modulator based on RFDACs proposed in [22]. Here, a 10-bit
digital-to-RF converter is employed in both | and Q paths. In this architecture, the baseband
signals are oversampled to move the replicas away from the signal band and are subjected to
digital filtering to reduce the emissions and meet the spectrum mask. A LC tank circuit is used in
this topology for proper output matching.

A more efficient direct-digital modulator based on RFDACs is proposed in [13]. In this
architecture, baseband signals are oversampled and a delta-sigma modulator is used for noise
shaping. The current outputs of weighted unit cells are summed together at the RF output. A LC
tank circuit is employed to filter out the quantization noise and a Balun is used to ensure proper

output matching.
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Figure 1.9. RFDAC based direct-digital modulator proposed in [22].

In a recent work [23], all-digital 1Q RFDAC prototype was experimentally demonstrated.
Orthogonal summing of | and Q signals was employed for the realization of this promising
architecture. This architecture uses a pair of digital to RF up-converters which comprise mixers
and switch array banks. Differential | and Q clock signals are generated at the carrier frequency
and then multiplied with the baseband I/Q signals through mixers and fed to transistor switch
arrays. These outputs are then combined together using a power combiner. Transformer based
power combiner is used here for RF signal addition as well as for impedance matching. As per
the authors, the Balun power combining network and speed of the digital circuitry are the only
two factors which limit the bandwidth of this architecture. Interpolation and FIR filtering is
employed in this architecture to move the spectral images from the signal band and to suppress

the emissions.
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The architectures described in [13, 17, 20-23] are the popular direct-digital transmitter topologies
based on RFDAC:s in literature. They help in avoiding the analog processing blocks as compared
to traditional 1Q modulators and increase the integration capability. These RFDAC architectures
use a combination of current-steering DACs, mixer cells [13, 17, 22] and modified Gilbert cell
topologies [23] for baseband signal up-conversion. These architectures use mixer topologies and
face challenges with the nonlinearity and distortion from mixers. These high speed switching
architectures based on 1Q topology have challenges of intermodulation distortion and spurious
emissions.

These transmitter architectures use different filtering techniques to reduce these emissions. The
use of bulky RF filters reduces their ability of integration and reduces the RF bandwidth of these
transmitter topologies.

These architectures also face challenges with power combining at the RF output, which limits
the RF bandwidth of the architecture. The use of filters and power combiners also restrict the re-

configurability of these transmitter topologies.
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1.4 Polar transmitters
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Figure 1.10. Conventional polar transmitter.
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During the same tenure there was huge development in transmitter architectures based on polar
topology. These, inspired from the popular EER technique [24], have also been referred to as
RFDAC architectures and have evolved as promising candidates for direct-digital transmitters
[25]. In polar modulators, baseband signal is modulated in the amplitude and phase domain
rather than in the inphase and quadrature (IQ domain). The baseband IQ signal is decomposed

into polar amplitude A (t) and a phase signal @ (t) according to,

At =/1(t)* +Q(1)° (1.3)

_tant| Q)
o(t) = tan {I(t)j (1.4)

where, | and Q are the inphase and quadrature components of the complex 1Q signal.

The phase signal @ (t) is converted to RF domain and then recombined with the envelope signal
to get the complex RF signal. The phase modulated RF signal has a constant envelope. Hence,
switch mode power amplifiers [26]; having higher efficiency can be used in these architectures.

This in turn reduces the DC power consumption of transmitters [25].

15



Polar architectures offer better carrier suppression as compared to traditional 1Q architectures.
Polar transmitters have inherent challenges like bandwidth expansion due to nonlinear polar
decomposition. The envelope and the phase signals have higher bandwidths as compared to the
1Q signal. Polar architectures also demand accurate delay adjustment between the amplitude and
phase paths. The envelope and phase signals should be recombined after proper delay adjustment
to avoid any spectral emissions and to adhere to the spectrum mask of the wireless

communication standard [27].

1.4.1 Envelope and phase signal recombination

Polar transmitters use different techniques for envelope and phase path recombination. The most
popular architecture is drain modulation or supply modulation [28, 29] as shown in Fig. 1.10.
The phase modulated RF signal, with a constant envelope is fed to the input of a RF power
amplifier (PA). The PA inserts the amplitude information by varying its supply voltage. This is
achieved using DC-DC converter or switching regulator with good efficiency. As the input to the
PA is a constant envelope signal, Switch mode PAs can be used in saturation and offer very high
efficiency. The switch mode PAs are nonlinear and introduce distortion to the signal. Thus, these
architectures require filtering and predistortion techniques [25]. These architectures require
careful designing of supply modulators and have challenges of efficiency-bandwidth trade off. A
detailed analysis of the distortion in supply modulation based polar architectures and modelling
techniques used to compensate them are given in [30]. The issue of feed-through capacitance in

these architectures has been addressed using envelope conditioning methods [31, 32].
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Figure 1.11. Polar transmitter using DPAs.

In [33-36] envelope and phase signal recombination was done using Digital Power Amplifiers
(DPA). These architectures offer an alternative way of recombining envelope and phase
components without using supply modulators. In these works, the phase modulated RF signal
with constant envelope is given to a number of unit amplifiers which are switched according to
the digital amplitude bits as shown in Fig. 1.11. The outputs of these unit amplifiers are then
combined to get the complex RF signal. In these architectures, oversampling and linear
interpolation are employed to reduce the spectral images. These architectures face challenges of
power combining [33] and nonlinearity, and adopt digital predistortion techniques to compensate
them [35].

Polar transmitter architecture using pulse width modulation has been proposed in [37]. A
multiphase technique using four parallel class C amplifiers driven by multiphase pulse-width
modulated signals is used, instead of drain modulation. In this architecture, the use of
multiphase technique increases the effective sampling frequency and helps in reducing out-of
band emissions and relaxes the filtering requirements. In this work, the phase modulator was
implemented using vector modulator. This work also analyses the challenges with power

combining and its effect on the total efficiency of the transmitter.
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A similar technique using interleaved pulse width modulation was used in [38]. The use of
interleaving PWM technique helps in reducing the spurs and ease filtering requirements. This
architecture uses high efficiency switch mode amplifiers for amplification. A commercially
available SAW filter is used for band-pass filtering after the PA to restore the complex

modulated signal.
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Figure 1.12. Polar transmitter architecture proposed in [37].

Signal recombination has also been incorporated in polar architectures using variable gain
amplifiers [39, 40]. The envelope component (AM) signal is generated digitally at the baseband
and then fed into the gain control input of the VGA. The phase modulated RF signal with
constant envelope is fed into the RF input of the VGA. The VGA will recreate the amplitude
modulation by varying the gain according to the control signal. These architectures face
challenges with the dynamic range and the update rate of the VGAs. VGA based architectures
were used for standards like GSM/EDGE signals, but never used for OFDM signals like

WCDMA and LTE.
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Polar transmitter architecture using Class D™ PA array and transformer based power combining
has been implemented in [41]. The baseband processing has been incorporated in FPGA. The
output of individual PAs are given to the primary windings and the secondary windings are
connected in series for power combining. Look up table (LUT) based predistortion is used here
to compensate for the nonlinearity and oversampling is employed to reduce the out-of-band
noise. The phase modulator section in this work is implemented using an external DAC and a
modulator.

In one of the most recent works [42], a polar transmitter with an integrated phase path based on
modified Gilbert cells was proposed. The amplitude path consists of unit amplifiers which are
current-mode class D™ PAs. Transformer based power combining is employed and impedance is
varied to achieve higher efficiency. The phase modulator is incorporated using an 1Q phase
interpolator. Inside the interpolator, differential-current DACs generate weighted 1Q phases and
LO signals, which are then summed like in quadrature mixers. FIR interpolation filters and high
sampling rate is employed to suppress the spurs and noise generated. LUT based predistortion

techniques have been used in this architecture to reduce the distortion.
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The phase modulator section of all these architectures has been implemented using quadrature
up-converters [28, 29, 41], external signal generators [36], vector modulators [37, 38] and Phase
Lock Loop (PLL) circuits [39, 40].

The phase modulators based on quadrature up-converters have issues that are common to mixer
based circuits. For the up-conversion of baseband phase component to RF domain, the use of
mixers and quadrature up-converters could not be avoided. Hence, these architectures as well
suffer from mixer spurs and distortion and require careful filtering design, which increases their
foot-print and reduces their ability for integration.

PLL is an excellent phase modulation technique where phase modulation is directly applied to
the synthesized RF carrier signal [25, 43]. It eliminates 1Q up-converters and its associated
spurious problems. The bandwidth constraints of PLL circuits have been solved using digital
PLLs [43]. The phase signal obtained from IQ decomposition is differentiated to obtain the
frequency deviations. This is fed to Digitally Controlled Oscillator (DCO) based modulator to
generate phase modulated carrier signal. The tuning range of Voltage Controlled Oscillators
(VCOs) and DCOs are critical in these techniques. PLL based architectures have challenges of

phase noise, bandwidth and require pre-compensation techniques like digital filtering.
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1.5 Vector modulators

RF Vector Modulator enables independent control of amplitude and phase of narrowband RF

signals [44].
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Figure 1.13. Block schematic of vector modulator.

The function of a vector modulator is to simultaneously control the phase and amplitude
characteristics in the processing of a microwave signal [45]. The input signal is divided into two
equal signals 90° apart using a 3 dB hybrid coupler as shown in Fig. 1.13. There are two variable
attenuators capable of a 180° phase shift. The attenuation and the sign of each path are controlled
by I and Q signals. The outputs of these two attenuators are combined using a Wilkinson power
combiner. Each attenuator controls the magnitude with 180° phase shift resulting in four-
quadrant operation. PIN diodes or GaAs MESFETs are used as attenuators that have an
electrically controlled resistive component. PIN diode is operated as an attenuator by varying its
junction resistance (Rj) with bias current.

The initial vector modulators used a combination of attenuator and phase shifters [46]. Latter
modulators, which consist of a phase-splitting power-divider that creates either two or four
channels, were proposed [47]. The individual channels are amplitude modulated and then power-

combined in-phase. A quadrature 3 dB power divider is used to create the two orthogonal
21



channels. An individual bi-phase amplitude modulator is assigned to each channel. The output
signals from these amplitude modulators are then combined using an inphase 3 dB power
combiner. Vector modulators have been used for complex modulation schemes like QPSK and
QAM [48].

Realization of analog vector modulator faces challenges of imbalances in | and Q signal paths,
analog multiplier imperfections and isolation issues in input power splitting/output power
combining networks. These frequency and signal dependent imperfections contribute to errors in
the amplitude and phase of the signal in the modulation process. Feed-forward based calibration
and predistortion techniques are used to compensate them [49]. The vector modulator also faces
challenges with the phase error of the variable attenuators. This affects the phases of the signals
at the output of the attenuators and causes distortion. The insertion losses from the attenuators

and phase controllers affect the amplitude linearity of these modulators.
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1.6 Summary of transmitter architectures

The transmitter architectures described in sections 1.3 and 1.4 are summarized in Table 1.1. The
different techniques used for phase up-conversion in polar transmitters and their issues are

summarized in Table 1.2.

Table 1.1 Summary of architectures

RFDAC-BASED
MIXER
TOPOLOGY

DRAIN
MODULATION

DPA

VGA

supports large
bandwidth

spectrum growth-
limited bandwidth

spectrum growth-
limited bandwidth

spectrum growth-
limited bandwidth

missing
reconstruction
filter

delay mismatch of
amplitude & phase
path

delay mismatch of
amplitude & phase
path

delay mismatch of
amplitude & phase
path

switching non
linearity & losses

linearity issues

linearity issues

linearity issues

clock speed issues
& jitter

supply modulator
bandwidth

power combining

update rate of
VGA

Table 1.2 Summary of phase modulation architectures

QUADRATURE UP-
CONVERTER

PLL

GILBERT CELLS

noise & emissions

noise

noise and emissions

wide bandwidth

low bandwidth

wide bandwidth

filtering requirements

filtering requirements

filtering requirements
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1.7 Goals and objectives

The goal of this thesis work is the proposal and implementation of new transmitter architecture
that is suitable for integration, and for multi-standard and multi-band reconfigurability.

More precisely, the objective is to avoid using mixers/quadrature modulators for frequency up-
conversion. As the mixers are avoided, the harmonic distortion and spurious emissions
associated with them are nullified. This would result in eliminating the use of band limiting and
bulky RF filters in the architecture, making the transmitter suitable for integration and
reconfigurability.

The transmitter should be able to handle high data rate OFDM signals of current wireless

communication standards such as LTE.
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Figure 1.14. Block schematic of proposed architecture.
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Fig. 1.14 shows a high level block diagram of the targeted architecture. This new architecture
consists of an amplitude modulator and a phase modulator. The baseband amplitude and phase
signals are mapped to voltages. These voltages drive the two modulators to produce a complex
RF signal at the output. In this thesis work, the amplitude and phase modulators are implemented
using a RF variable gain amplifier and an analog phase shifter respectively. While these
components are not perfectly linear, reverse modeling will be sought and implemented in the
digital signal processing block in order to compensate for any imperfection in the transmitter,
resulting in acceptable signal quality along with the reconfigurability and suitability for

integration assets.
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1.8 Thesis outline

This thesis is outlined as follows:

The fundamentals of radio transmitters for wireless communication is presented in chapter one.
The key parameters and the performance metrics of a radio transmitter are discussed. The
concept of direct-digital transmitters based on RFDACs and the different RFDAC architectures
in literature are introduced. The advantages of RFDACS, the issue of RFDAC emissions and the
techniques used to address them in literature are presented. This chapter also introduces the goal
of this thesis work.

In chapter two, the fundamentals of a Variable Gain Amplifier (VGA) as amplitude modulator is
presented. The modelling and linearization of gain response of VGA is discussed in detail. The
implementation of VGA as an amplitude modulator is presented and the measurement results are
discussed.

In chapter three, a new topology using an analog phase shifter as a phase modulator is presented.
The challenges of using the phase shifter for phase up-conversion and the methods used to
address them are presented here. The modelling and linearization of phase response of the phase
shifter is discussed. Finally, the chapter is concluded with the implementation details and the
measurement results.

In chapter four, the proposed architecture of the full transmitter is discussed. The transmitter
translates the baseband signal to RF domain without using mixers. The responses of the key
components, VGA and the phase shifter are evaluated. These responses have to be modelled for
producing a high quality signal at the output of the transmitter. A new calibration technique is
proposed to model the transmitter response. In this technique, a new reverse model is proposed

to be used as a digital predistortion model. Finally, the implementation of the proposed
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transmitter architecture is discussed. The chapter is concluded with the measurement results and
the performance evaluation of the architecture.

In chapter five, another new RF transmitter architecture using only envelope modulators is
proposed. The baseband complex signal is decomposed into components using three-coordinate
system. These individual components are translated to RF using three VGA paths and then
combined together to get back the complex signal at RF domain. A calibration technique is
proposed to model the responses of the individual VGAs. Digital predistortion technique is
employed to linearize the gain and phase response of the VGAs. The chapter is concluded with
the implementation details and measurement results.

Finally, the thesis is concluded in chapter 6, with a brief summary of the major contributions

achieved in this work. A proposal for future work direction is also presented.
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1.9 Conclusion

This chapter gives an overview of the current scenario in wireless communication industry. The
need for communication schemes with better efficiency and higher data rate was established.
Furthermore, the ramification of the development of modern communication schemes on the
radio hardware was discussed. The need for multi-standard and reconfigurable transmitters,
which can cater to the demands of the 3GPP signals, was discussed. The need of a mixerless
frequency up-converter that is more suitable for integration and reconfigurability is justified.
Techniques highlighting state-of-the-art attempts to propose solutions for these needs, using
RFDAC based architectures and polar architectures are reviewed. A comparison of these
different solutions, their advantages and drawbacks are highlighted in this chapter. It was
concluded that most of these architectures use mixers and quadrature up-converters for phase up-
conversion and require filtering to suppress the emissions and to meet the spectrum mask.

This work proposes a new transmitter architecture using a VGA as an envelope modulator and a
phase shifter as a phase modulator in order to perform a mixerless frequency up-conversion. This
architecture rules out any filtering requirements. The goal and the outline of the thesis are also

highlighted in this chapter.
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Chapter Two: Amplitude Modulation using Variable Gain Amplifier (VGA)

2.1 Introduction

In chapter one, the concerns with the existing mixer-based 1Q transmitter architecture and the
polar RFDAC transmitter architecture was discussed. A new transmitter architecture was
proposed using an amplitude modulator and a phase modulator. The amplitude modulator
translates the baseband envelope information to RF domain. In this thesis work, amplitude
modulator is realised using a RF variable gain amplifier (VGA). By varying the gain of the VGA
according to the envelope signal, the envelope signal can be restored at the RF output of the
VGA. Amplitude modulation using VGA has not been implemented in literature, for OFDM

signals with complex modulation schemes and high Peak to Average Power Ratios (PAPR).

2.2 VGA fundamentals

Variable gain amplifiers (VGAS) are amplifiers whose gain can be set to the required level using
an external control voltage setting [50, 51]. Based on the method of application of control
voltage, they are classified into analog and digital VGAs. The frequency range of operation of
VGAs extends from dc to gigahertz frequencies. Analog VGASs have their gain (in dB) as a linear
function of the gain control voltage and can be represented as

Gain (dB) = slope x (vctrl —intercept) (2.1)
where, slope is given as dB/volt, vctrl is the gain control voltage and intercept is the gain of the

VGA when vctrl is OV.
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In the case of digital VGAs, a binary code or digital word applied to a digital port controls the
gain. The word can be serial or parallel, and operates like a register. The binary steps will be
weighted in dB.

The internal architecture of VGAs can be classified mainly into two design approaches. In
translinear approach, bipolar devices which operate on the principle of diode equation are used.
They operate on the principle of exponential relationship between base voltage and junction
current in bipolar devices [52]. The simplified block schematic of translinear VGA is shown in
Fig. 2.1. VGAs based on this architecture have issues with noise and distortion and are used

when reduced cost is the deciding factor [50].

Vin
—> Voltage to current —»
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i
When currents are applied to transistor junctions, collector current, Ice is
exponential function of voltage.

Figure 2.1. Block schematic of translinear VGA.

In exponential type VGAs [53], a RxR ladder attenuator and an interpolator followed by a fixed
gain amplifier is used as shown in Fig. 2.2. The attenuation of the variable attenuator is varied

under the control of a voltage.
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Figure 2.2. Block schematic of exponential type VGA.

The fixed gain amplifier has a negative feedback and has reduced distortion. The ac and transient
responses are fixed as the gain is constant [54]. The attenuator consists of a R-2R ladder network
(taps). The input of the amplifier can be connected to any of these taps, or interpolated between
them to control the gain.

VGA:s find their application in radio communication, to control the signals which exhibit wide
dynamic range. This is done using Automatic Gain Control (AGC) circuits in the receiver chain.
VGAs are also used to match an input signal level to the full scale input of the next device. They

are also used to scale the voltage to compensate for the losses.

2.3 VGA as amplitude modulator

VGA can be used as an amplitude modulator where the gain control signal acts as the modulating
signal. A continuous wave (CW) signal is given to the RF input port of the VGA. The
modulating signal is mapped to a voltage, based on the slope and intercept of the VGA. The gain

of the VGA is then varied according to this voltage and modulating signal is obtained at the
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output of VGA, at RF domain. VGA as an amplitude modulator is shown in Fig. 2.3 and can be

mathematically represented as,

Vi, (t)=Re[ v, (t)e”" | (2.2)
Vou (1) = Re| {mxv,, (1)} e | (2.3)
m = v, (t)xsensitivity of VGA (2.4)

Vin (t) and Vo (t) are the complex RF signals at the input and output of the VGA respectively,

v.(t) is the gain control signal.

L.ocal VGA
oscillator

Amplitude
T modulated

RF signal
Gain control

Figure 2.3. VGA as an amplitude modulator.

The envelope information is extracted from the complex 1Q signal as
env =4/12 +Q? (2.5)
In this thesis work, amplitude modulation is evaluated using VGA evaluation board from Analog
Devices (ADL5330). The specifications of ADL5330 are given in Table 2.1. This VGA has a
gain in dB response. Hence, a mapping is used to obtain the gain control voltage from the actual
envelope signal and can be represented as
vctrl = 20xalog10(env)+b (2.6)
where, vctrl is the gain control voltage, env is the envelope signal obtained using (2.5) and the

values of constants a and b are obtained from the DC gain response of the VGA.
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Table 2.1 Specifications of VGA ADL5330

SPECIFICATION VALUE

Gain range 60 dB

Control voltage range 0-1.4V
Lmeqr-ln-dB gain control 20 mv/dB
function

Operating frequency 10 MHz to 3 GHz
Bandwidth on the gain control pin | 3 MHz

2.4 VGA imperfections

In the case of an ideal VGA, the gain of the amplifier changes linearly with the control voltage.
The phase of the RF signal, as it propagates through the VGA should remain constant. However,

due to device error there can be nonlinearity in the gain and phase response.

120 . v v v v v v 10

110 | = == Phase == ==Gain @’ / 0

/o

=
o
o
L)
LY

Phase (Degrees)
(o]
o
LY
R
o
Gain (dB)

[00]
o
,
+
|
w
o

60 -50
05 06 07 08 09 1 1.1 1.2

DC Voltage (Volts)

Figure 2.4. VGA gain and phase response.
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The measured gain and phase response of the VGA using a DC voltage is shown in Fig. 2.4.

The DC response shows that the VGA has both Amplitude Modulation to Amplitude Modulation
(AM-AM) and Amplitude Modulation to Phase Modulation (AM-PM) responses. VGA also
exhibits memory effects like that of a RF power amplifier (PA) [55, 56]. The memory effect
causes the output of the VGA to depend on the current input as well as the previous inputs. This
nonlinearity and memory effects will affect the quality of amplitude modulated signal produced

by the VGA. Thus, the VGA has to be calibrated and modelled to mitigate these imperfections.

2.5 VGA calibration

The nonlinear gain response and the memory effects exhibited by the VGA are similar to that of
a RF power amplifier. These effects can be modelled using a memory polynomial [57] and
digital predistortion technique [58, 59] can be utilized to linearize the gain response of the VGA.
The phase response of the VGA has to be corrected in an alternate chain where the phase can be
controlled. The following section describes the modelling and linearization of the gain response

of the VGA using memory polynomial.

2.5.1 Memory polynomial calibration
A conventional memory polynomial with positive real coefficients is used to model the gain

response of the VGA and can be represented as,

y(n):iz}(:amkx(n—m)k*l (2.7)
m=0k=1

where, am is the real predetermined calibration constant from a training signal. M is the memory

depth and K is the nonlinearity order of the memory polynomial. x(n) and y(n) represent the
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input and output envelope signals respectively. The memory polynomial models the nonlinearity
and memory effects of the VGA in a single step.

A training sequence of 10,000 samples is given to the model and the coefficients are extracted
using Least Squares (LS) technique [60]. The length of the training sequence is selected such that
it is able to model the response of the VGA completely. Once the required training length is
obtained, use of additional samples in the training sequence doesn’t affect the modelling
performance. Now, using the whole input sequence and using the coefficients extracted, the
output is estimated. During modelling the values of nonlinearity order (K) and memory depth
(M) are swept and for each combination of M and K, the Normalized Mean Square Error
(NMSE) between the measured and estimated outputs is calculated to evaluate the accuracy of

the model. The values of M and K corresponding to the lowest NMSE value are selected.

Normalised Mean Square Error

The Normalised Mean Square Error is an estimator of the overall deviations between predicted
and measured values. In other words, it gives a measure of difference between the value that is
predicted by a model and the value that is actually measured.

The NMSE is defined as [61]:

2
Y, -Y,
NMSE (dB) =10log,, ﬁi' meas|(\:) (nn;og(”)| 2.8)
n=1 meas

where, Yeas(n) and Y,,q(n) are the output waveforms measured and estimated from the
model, respectively. N is the number of samples in the waveforms. The following section briefly
describes the Least Square algorithm used to estimate the calibration coefficients from a training

signal.
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2.5.2 Least squares technique
Consider B.(n—m) :X(n—m)kf1

The memory polynomial mentioned in (2.7) can be written in matrix format as,

a10
Bl(n) "BK(n) Bl(n_M) "BK (n_M) a20 y(n)
B,(n+1).B (n+1) B,(n+1-M) B (n+1-M) |l @yxo | | y(n+D)
A
B,(n+p-1).B, (n+p-1) B (n+p-1-M) .B, (n+p-1-M) y(n+p-1)
Aym

(2.9)

(2.10)

Here x (n) refers to the input and y (n) refers to the output samples and p is the number of

samples of the signal portion used for the model identification.
Then, the following matrix equation holds

B-a=Y
where, Bisa[p X (KX M+1)]matrixand Y is (p x 1) matrix
We have to find a [(K X M+1) X 1] to minimize the residual error.

The residue or error (r) in estimation of Y is defined as,

r=Y-B.a

A

The Least Squares approach seeks to find a which minimizes the residue or error, ||r||%

A

ais referred to as the Least Squares (approximate) solution of B.a =Y.

Assuming B is a full rank matrix, minimizing the norm of the residual squared gives;

rP=rr=(Y- Ba)T (Y-Ba)
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(2.12)

(2.13)



r’=Y'Y-2a'B'Y +a'B'Ba (2.14)

Differentiating with respect to a and equating to zero gives;

V,.r’=2B"Ba-2B'Y =0 (2.15)
This yields the normal equation,
B'Ba=B'Y (2.16)
Assuming BTB is invertible,
" -1
a=(B'B) B'Y (2.17)

-1

B' = (BTB) B is called the pseudo-inverse of B.

This technique can be applied to the problem statement in (2.11) to obtain the vector of

coefficients, a and can be represented as,

a a a a ]T (2.18)

a=[ay 39 - g Ym - kM

From (2.17), a can be obtained as

a=B'Y (2.19)
where, (B)T is the pseudo-inverse of B.
From the input signal and the coefficients extracted, the output of the VGA can be estimated as

Y, =Ba (2.20)

The error between measured and estimated data can be defined as
E=Y Yoot (2.21)

meas

The Least Squares estimate is constructed in such a way that ||E||? is minimized.
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2.5.3 Digital predistortion technique

Using the Least Squares technique, the positive real calibration coefficients are obtained, which
can be used to model the response of the VGA. Here, the input to the model is the actual
envelope signal and output is the envelope of the complex signal captured at the output of VGA.
The forward gain model of the VGA is shown in Fig. 2.5. In this figure, the blue line represents
the measured output and the red line indicates the estimated output from Least Squares
technique.

Now, using the same technique and swapping the input and output envelopes with each other, the
reverse model of the VGA is obtained. Fig. 2.6 shows the reverse gain model of the VGA. Using
the reverse model, the input is estimated from the output. This reverse modelling technique is

used to extract the digital predistortion (DPD) coefficients as mentioned in [58].
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Figure 2.5. VGA forward gain model.
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Figure 2.6. VGA reverse gain model.

These coefficients are multiplied with the actual envelope signal to obtain the predistorted input
signal. The predistorted signal when send through the actual VGA, linear response is obtained at
the output of the VGA. Thus, the predistorter in cascade with the forward model of the VGA
provides a linear system as shown in Fig. 2.7.

VGA Linear
VGA

Input ) Output Input Output
—> Predistorter |—» — > <:> — > — >

v
v
v

Pin Pin Pin
Figure 2.7. Predistortion and linearization.
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2.6 Implementation

The amplitude modulator architecture is realised using the VGA evaluation board (ADL5330) as
depicted in Fig. 2.8. The baseband IQ signal is generated using Agilent ADS software. From the
complex 1Q signal, the envelope information is extracted using (2.5) and mapped to voltage in
MATLAB, using (2.6). The voltage thus obtained, is sent into the MXG/DAC (N5182A from
Agilent Technologies). The Local Oscillator (LO) signal is generated using a signal generator
(E4438C ESG from Agilent Technologies). The LO signal and baseband voltage generators are
trigged in synchronization. The baseband output of the MXG gives the analog control voltage
which is given to the gain control pin of the VGA. The LO signal is given to RF input port of the
VGA. The RF signal at the output of VGA is captured using an oscilloscope (MS09404 from
Agilent Technologies) and digitized using VSA software (89600 series from Agilent

Technologies).

MS09404A

ADL5330

Figure 2.8. Implementation of amplitude modulator using VGA.

The time alignment and further processing is carried out using MATLAB to retrieve the

envelope information in the captured signal. The original envelope (Ai,) and the captured
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envelope (Aou) are multiplied with the phase component of the original complex signal (bin) to
obtain the input complex signal (Ai,e'*™) and output complex signal (Aoe*®™), respectively. The
NMSE of the output IQ signal as compared to the original 1Q signal is used to evaluate the
performance of the VGA. Hence, in this evaluation we have assumed that the phase error of the
VGA is zero and that the phase components of the input and output complex signals are

identical.

2.7 Measurement results

To validate the proposed calibration technique and to evaluate the performance of the VGA, a
LTE signal is generated using ADS software and sent to the setup as described above. The LTE
signal is oversampled by 16 and baseband signal has 100,000 samples, sampled at a rate of 30.72
Msamples/s. The LO signal is at 2.2 GHz and has power level of -10 dBm. The results are

summarized in Table 2.2.

Table 2.2 Summary of performance of the VGA for LTE signal

SPECIFICATION VALUE
Signal bandwidth (MHz) 14

NMSE before DPD (dB) -24.51
NMSE after DPD (dB) -50.04
Nonlinearity order, Memory depth K=5M=2
ACLR before DPD (dBc) 33.97

ACLR after DPD (dBc) 57.62
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The NMSE value, calculated using the amplitude of the signal only while ignoring the phase
distortion, has improved by more than 25 dB after using digital predistortion technique. Fig. 2.9
shows the input-output envelope response of the VGA before and after adopting digital
predistortion. The linearization technique works well and the VGA accurately reproduces the

input envelope at its RF output port.
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Figure 2.11. VGA spectral response.

Fig. 2.10 shows the time domain representation of the envelope at the output of the VGA and the
spectral responses are shown in Fig. 2.11. From the spectral response, it is evident that the signal
distortion introduced by the nonlinearity of VGA has been reduced to a great extent using digital
predistortion technique. The ACLR has improved by 24 dB after adopting digital predistortion

technique.
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2.8 Conclusion

In this chapter, the implementation of an amplitude modulator using a VGA was discussed. The
theory and equations describing the VGA operation as an envelope modulator were outlined. The
limitation of the VGA in terms of its nonlinear gain and phase response was discussed.
Consequently, a calibration technique to mitigate the nonlinear gain response was presented and
validated through measurement. A memory polynomial was used to model the VGA gain
response. The performance of the VGA was evaluated using a LTE signal of 1.4 MHz
bandwidth. The NMSE on the complex LTE signal at the output of variable gain amplifier
(VGA) was improved from -24 dB to -50 dB after adopting digital predistortion technique. The
results obtained, proved that the VGA can be used to implement a very linear amplitude

modulator of the proposed transmitter architecture.
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Chapter Three: Phase Modulation using Analog Phase Shifter

3.1 Introduction

This chapter deals with the implementation of the phase modulator architecture using an analog
phase shifter. The phase modulator translates the baseband phase signal to RF domain without
using a mixer or PLL circuit. The control voltage of the phase shifter is varied according to the
baseband phase signal and a phase modulated RF signal is obtained at the output. Phase shifters
have been used in literature to control the discrete phases and for phase error compensation [62,
63]. However, the implementation of phase modulator section of a RF transmitter using phase
shifters is not mentioned in literature. The implementation of modulator using phase shifters
faces different challenges, mainly the phase discontinuity, which results in distortion and ringing.
The transition nature of the phase signal prevents the use of phase shifters for phase up-
conversion and forces the use of traditional quadrature modulators. Once this issue is resolved,
mixerless topologies would become possible. Different techniques to cope with these challenges

have been proposed and will be validated in this chapter.
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3.2 Phase shifter fundamentals

Phase shifters are devices capable of shifting the phase of an electromagnetic wave at a given
frequency while propagating through a transmission line [64]. The major parameters which need
to be considered for a RF phase shifter are:

= Switching speed
= Frequency range
= Bandwidth

= Phase range

= Insertion loss

Commercially available phase shifters operate over a wide frequency range from few megahertz
to gigahertz frequencies. Phase shifters are used in phase discriminators [65], linearization of
power amplifiers [66] and phase array antennas [67]. They can be classified as

1. Microwave phase shifters

Microwave phase shifters give a predefined phase shift to a high frequency signal. They are
realised using combination of transmission lines and switch circuits.

2. Switched-line phase shifters

In this type of phase shifter, a time delay difference between two direct paths is used to provide
desired phase shift [68]. The switching elements in digital phase shifters are: mechanical
switches (or relays), PIN diodes, Field Effect Transistors (FET), or micro-electromechanical
systems (MEMS). PIN diodes are commonly used in these phase shifters due their high speed
switching and low loss [69]. Switched-line phase shifters generally, are used for 180° and 90°
phase shifts.

3. Digital multi-bit phase shifters

These phase shifters provide discrete set of phase states that are controlled by “phase bits”. They
offer a phase shift range up to 360°. A number of binary weighted phase shifting “bits” are
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cascaded to realize the desired phase shift range. A number of fixed time delays are combined to
produce successive increments of delay in response to binary control signals.

4. Analog phase shifters

Analog phase shifters produce a continuous phase shift, varying with the control input. The most
commonly used control element in analog phase shifters is Varactor diode. Fig. 3.1 shows the dc
equivalent circuit of a diode-based analog phase shifter. Varactor diodes operate in reverse-
biased condition and provide a junction capacitance that can be varied with applied voltage.
Thus, they can be used as an electrically variable capacitor in a tuned circuit [70]. Varactor diode
based phase shifters offer large phase shift and high speed. However, they have low input power
levels and relatively narrow bandwidth. Analog phase shifters also use Schottky diodes as

variable elements, but have limited power handling capability.

M AAN———

L
A

Figure 3.1. DC equivalent circuit of analog phase shifter.

In this thesis work for evaluation purposes, a high speed phase shifter with a large phase shift
range is required. For phase modulator circuit, a phase shifter which responds to a continuously
varying phase signal is needed. Hence, an analog phase shifter which offers high speed, large

phase shift range and continuous phase control option is selected.
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3.3 Phase shifter as phase modulator

Phase shifter can be used as a phase modulator where the external control signal acts as the
modulating baseband signal. The baseband phase signal can be mapped to a voltage, based on
the DC voltage response of the phase shifter. This voltage is given to the phase control input and
a RF carrier signal is given to RF input port of the phase shifter. At the output of the phase
shifter, a phase modulated RF signal is obtained. Thus, the phase shifter translates the baseband
phase information to RF domain. Phase shifter as a phase modulator is shown in Fig. 3.2 and can

be mathematically represented as,

V. (t)= Re[vin (t)ejznﬂ} (3.1)
Vo (D)= Re[vin(t)ejzanﬂ (3.2)
&=V, (t)xsensitivity of shifter (3:3)

A ('[),Vout (t) are the complex RF signals at input and output of the phase shifter, respectively.

V, (t) is the control signal and ¢ is the phase shift produced.

Phase
control
Op-amp 4
Local B o L 5
oscillator - @ Phase
modulated
Phase RF signal

shifter

Figure 3.2. Phase modulator using phase shifter.
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In this work, the phase modulator architecture is evaluated using an analog phase shifter
evaluation board (HMC928LP5E) from Hittite Microwave Corporation. The specifications of

HMCO928LP5E are given in Table 3.1.

Table 3.1 Specifications of phase shifter HMC928LP5E

SPECIFICATION VALUE

Phase shift range 450 degrees
Insertion loss 3.5dB

Control voltage range 0-13V

Phase voltage sensitivity 35 degree/V
Modulation bandwidth 20 MHz
Operating frequency 2 GHz to 4 GHz
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3.4 Phase mapping

The phase signal information is extracted from the complex 1Q signal as
phase = tan 1 (%J (3.4)

where, Q is the quadrature component and I is the inphase component of the complex I1Q signal.

This phase signal is mapped to a voltage using a polynomial equation, based on the DC response
of the phase shifter. The voltage obtained after phase mapping is in the range 0-13V. However,
the baseband output of the signal generator (MXG N5182A) used falls in the range 0-1V. Hence,
an operational amplifier is used at the output of the DAC to scale the voltage to the required
range of the phase shifter. An op-amp board is designed for a gain of 24 dB using a current

feedback amplifier IC (THS3001CD) from Texas Instruments.
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Figure 3.3. Phase component of LTE signal.
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3.5 Phase conditioning

The polar decomposition of 1Q signal to amplitude and phase components results in bandwidth
expansion [71]. This forces the amplitude and phase modulators in polar transmitters to have
high bandwidth requirements [72, 73].

The phase component extracted from LTE 1Q signal using (3.4) is shown in Fig. 3.3. The phase
signal is wrapped between —pi to pi radians. Due to the wrapped nature of the phase signal, there
are sudden phase jumps between pi and —pi radians. The complex signal trajectory of LTE signal
is shown in Fig. 3.4. There are absolute phase jumps of pi radians between adjacent samples,

when the complex signal trajectory moves from second to third or fourth to first quadrant of the

complex signal trajectory.
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Figure 3.4. LTE complex signal trajectory.
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The instantaneous frequency deviation can be related to phase change in polar modulators [74] as
Af =fsxAB/2n (3.5)
where, Af is the instantaneous frequency change, A6 is the phase change between two adjacent
samples and fs is the sampling frequency.
The phase jump between pi and —pi radians between two adjacent samples results in large
instantaneous phase change. This large phase change results in large frequency variation, Af and
causes the phase signal to have a very high bandwidth.
Also, the movement of the signal trajectory close to the origin results in wide variation of the
phases of the adjacent samples. There are phase jumps less than pi radians when the signal
trajectory moves closer to origin. This phase change (A6) due to trajectory movement is
maximum (pi radians), when the complex signal trajectory passes through the origin. Hence, zero
crossings of the trajectory as well results in large frequency variation and causes the phase signal
to have high bandwidth [74]. Hence, this bandwidth expansion in polar topology requires the

phase modulators to support very high bandwidth than the actual bandwidth of the 1Q signal.

In [71], it was shown that reducing the zero crossings of 1Q signal controls the bandwidth
expansion in polar technique. In [74-76], this bandwidth expansion issue was addressed using
hole punching technique, by moving the signal trajectory away from the origin. In these works, a
trajectory hole is created using different techniques to avoid the transitions close to origin. This
reduces the rate of change of phase signal, resulting in reduced bandwidth requirements. Thus,

this technique facilitates polar transmitters to support signals with large bandwidth.
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However, the absolute phase jumps when the signal trajectory moves between the quadrants
cannot be avoided by using the hole punching technique. The wrapped nature of phase signal and
signal trajectory movement between quadrants are not removed.

This phase signal is mapped to voltage using a polynomial equation. The voltage signal obtained
after mapping has transitions between samples. This voltage signal when passed by a band-
limited DAC or a signal generator results in ringing effects [77] as shown in Fig. 3.5. This
voltage with ringing is given to the phase shifter, which converts the voltage to a phase signal at
RF domain. As a result, a distorted phase is obtained at the output of the phase shifter. Thus, this
transition nature of the phase signal prevents the use of phase shifters for phase up-conversion
and forces the use of traditional quadrature modulators. Hence, if the ringing effect can be

avoided, it would be possible to implement mixerless topologies.
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Figure 3.5. DAC ringing effects on the phase voltage.
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3.5.1 Phase conditioning techniques

The issue of ringing and wrapped nature of the phase component were addressed in literature
using the following techniques.

= Phase unwrapping
The phase signal extracted is wrapped between —pi and pi radians as mentioned above. This
phase signal was subjected to unwrapping to avoid these phase jumps [78, 79]. The phase
unwrapping removes the phase jumps and generates a continuous phase component signal.
However, the unwrapped phase signal had a huge range of values, which phase shifters won’t be
able to support.

= Oversampling
The use of oversampling technique by interpolating the complex signal was expected to reduce
the ringing [80]. However, no significant change was observed in the ringing effect when large
oversampling ratio was applied to the complex signal.

= Linear interpolation of phase component
DACs and signal generators use different pre-emphasis techniques to reduce the ringing effect in
square waves [81, 82]. A similar technique using linear interpolation of the phase was used to
reduce the ringing. However, this method could not be used as interpolation introduced phase
points, which caused huge distortion in the complex signal.

= Filtering and Windowing techniques
Filtering and windowing techniques were used to shape the phase signal to avoid sharp
transitions and therefore reduce the ringing [83, 84]. However, these methods similar to the

interpolation techniques, introduced significant distortion to the complex signal.
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= Constellation shift
In this thesis, a different technique using constellation shift is proposed to nullify the effect of
ringing. The complex signal constellation is shifted, so that the signal trajectory is restricted
between the first and second quadrants as shown in Fig. 3.6. The phase component no longer has
transitions between —pi and pi radians as shown in Fig. 3.7 and is restricted between 0 and pi
radians. This constellation shift can be compensated in the receiver during demodulation. The

phase signal is extracted from the complex IQ after constellation shift. This phase signal is

mapped to voltage and this voltage is fed to the phase shifter. The LTE signal (1+jQ) after

applying constellation shift can be represented as

1+jO=1+ HQ+|min(Q) (3.6)

where, 1 and Q are the inphase and quadrature components of the original LTE signal.

0.03 i i .A:_\

0y N
0.025 | / / ] )
00z ]

0.01 /

0.005

Quadrature (Magnitude)
>
o
~A¢
R<
! /
~”

-0.005 _ _ _ _ _
-0.03 -0.02 -001 O 0.01 0.02 0.03

Inphase (Magnitude)
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3.6 Phase shifter imperfections

In practice, phase shifters do not have a linear phase response; the phase of the RF signal does
not vary linearly with the control voltage. This nonlinear dependence creates a phase-to-phase
(PM-PM) distortion in the complex signal.

Moreover, the amplitude of the signal at the output of the phase shifter, which should remain
constant as it propagates through the phase shifter, varies due to the device insertion loss
variation versus control voltage. Such variation creates a phase-to-amplitude (PM-AM) nonlinear
effect. Fig. 3.8 shows the phase and magnitude response of the phase shifter for a DC control
voltage. This PM-PM and PM-AM nonlinearity created by the phase shifter affects the quality of
the modulated signal produced at the output of the transmitter. Thus, the phase shifter too has to

be calibrated and modelled similarly to the VGA, to mitigate these imperfections.
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In addition, the phase shifter exhibits phase noise errors, which limits the quality of the signal.
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Figure 3.8. Phase shifter dc gain and phase response.

3.7 Phase shifter calibration

The phase response of the phase shifter and the memory effects can be modelled using a memory
polynomial and digital predistortion technique can be utilized to linearize the response. The
magnitude response of the phase shifter has to be corrected in an alternate chain where the
amplitude can be controlled. The following section describes the modelling and linearization of

the phase shifter nonlinearity using memory polynomial model.
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3.7.1 Memory polynomial calibration

A memory polynomial model with positive real coefficients is used in this section in order to
model the nonlinear phase response of the phase shifter. The memory polynomial can be

represented as follows:

M K k-1

y(n)=>>a,x(n—-m) (3.7)

m=0k=1
where, ank IS the real valued predetermined calibration constant from a training signal. M is the
memory depth and K is the nonlinearity order of the memory polynomial. x(n) and y(n) represent
the input and output of the model, respectively. The memory polynomial models the nonlinear
phase and memory effects of the phase shifter in a single step. The input to the model is the
phase control voltage obtained from mapping and the output is the phase of the complex signal at
the output of the phase shifter. The generation of the real valued model coefficients and the

predistortion technique is done, similar to the method described in the case of VGA in chapter

two.

3.7.2 Digital predistortion of phase signal

The reverse model of the phase shifter is used to obtain the predistortion coefficients. For reverse
modelling, the phase of the complex signal at output of the phase shifter acts as input to the
model and the control voltage of the phase shifter acts as the output. Once the predistortion
coefficients are extracted, the original phase of the input signal is multiplied with these
coefficients and predistorted voltage is obtained. This predistorted voltage acts as the new
control signal of the phase shifter. This voltage is sent to the device and the output is observed.
Thus, predistortion model accounts for the linearization of the phase response of the phase
shifter, and also the mapping of the original phase signal to the phase control voltage.
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3.8 Phase modulator implementation

The phase modulator architecture is implemented using the evaluation board (HMC928LP5E) as

depicted in Fig. 3.9. The phase information is extracted using (3.4) and mapped to voltage in
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Figure 3.9. Phase modulator using phase shifter implementation.

The phase control voltage is downloaded into the MXG/DAC (N5182A from Agilent
Technologies). The Local Oscillator (LO) signal is generated using a signal generator (E4438C
ESG from Agilent Technologies) and given to RF port of the phase shifter (HMC928LP5E). The
output of the DAC is given to an operational amplifier (THS 3001CD from Ti). The output of the
op-amp is connected to the phase control input of the phase shifter. The RF signal at output of
the phase shifter is captured using an oscilloscope (MS0O9404 from Agilent Technologies) and
digitized using VSA software (89600 series VSA from Agilent Technologies). The time
alignment and further processing is carried out using MATLAB to retrieve the phase information

in the captured signal.
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After alignment, the phases of the input signal (¢in) and output signal (o) are extracted and
multiplied with the original envelope signal (A;) to obtain the input complex signal (Ai,e*¢™) and
output complex signal (Ai.e'¢out), respectively, and these two signals are compared using the
NMSE metric to evaluate the performance of the phase shifter. Hence, in this evaluation we have
assumed that the amplitude error of the phase shifter is zero and that the amplitude components
of the input and output complex signals are identical.

The NMSE is calculated as,

(3.8)

NMSE (dB)=10log,, {ii il (”S) (So)mz(n)lz]

N =
where, Si, (Ae/®in) and Sy (AelPout) are the input and output complex signals, respectively.

3.9 Measurement results

To validate the calibration technique and to evaluate the performance of the phase shifter, a LTE
signal is generated in ADS software and sent into the setup as described above. The LTE signal
is oversampled by 16 and baseband signal has 100,000 samples, sampled at a rate of 30.72
Msamples/s. The LO signal is at 2.2 GHz and has a power level of -10 dBm. The measurement

results are summarized in Table 3.2.

Table 3.2 Summary of performance evaluation of phase shifter for LTE signal

SPECIFICATION VALUE

Signal bandwidth (MHz) 1.4

NMSE before constellation shift and linearization (dB) | -22.41

NMSE after constellation shift and linearization (dB) -34.16

Nonlinearity order, Memory depth K=4,M=1
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Figure 3.10. Phase signal (®) at input and output of the phase shifter.

The time domain representation of the phase at the output of the phase shifter after applying
constellation shift and linearization is shown in Fig. 3.10. The phase shifter accurately
reproduces the phase information at its RF output. In the absence of constellation shift, the phase
at the output of the phase shifter has distortion introduced from ringing and the measured NMSE

value is poor.
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Figure 3.11. LTE signal spectrum at output of the phase shifter.

The modelling gives poor results and cannot compensate for the distortion. The NMSE value is
improved by more than 10 dB after adopting constellation shift and linearization. The spectrum
of the LTE signal at the output of the phase shifter is shown in Fig. 3.11. The amplitude
component of the input and output complex signals is identical. Hence, the only distortion in the
complex signal comes from the phase component. The signal distortion from ringing brings the

noise floor to a high value and limits the dynamic range of the signal.
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Figure 3.12. Phase shifter input-output phase response.

Fig. 3.12 shows the input-output phase response of the phase shifter. This shows that the phase
response of the phase shifter is linearized after adopting predistortion technique using memory

polynomial model.
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3.10 Conclusion

In this chapter, the implementation of a phase modulator using an analog phase shifter was
discussed. The working of phase shifter as a phase modulator was outlined. A new technique of
signal conditioning which involves constellation shift for OFDM signals was proposed to avoid
phase discontinuities.

The constellation shift avoids the ringing phenomenon that appears in the DACSs, hence allowing
for the implementation of mixerless phase modulators. The limitation of the phase shifter in
terms of its nonlinear phase response was discussed. Consequently, the calibration technique
utilized to mitigate these limitations was discussed. A memory polynomial was used to model
the nonlinear phase response of the phase shifter. The performance of the phase shifter using the
proposed technique for a LTE signal of 1.4 MHz bandwidth improved the signal quality in terms
of NMSE from -22 dB before constellation shift to -34 dB after constellation shift and

linearization.
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Chapter Four: Mixerless Polar Modulator-Based Transmitter Architecture

4.1 Introduction

The performance of the VGA as an amplitude modulator and the phase shifter as a phase
modulator was evaluated in chapter two and chapter three, respectively. In this chapter, a new
transmitter architecture based on a mixerless polar modulator topology, which uses a VGA for
amplitude modulation and a phase shifter for phase modulation, is proposed. This architecture is
realised without using a mixer or quadrature up-converter as compared to RFDAC-based
transmitters mentioned in literature. The VGA and the phase shifter have imperfections, which
affect the quality of the RF signal at the output of the transmitter. A new calibration technique is
proposed in this work to mitigate these imperfections simultaneously. The implementation of the

new architecture is discussed and the performance is evaluated using an LTE signal.

4.2 Mixerless polar modulator-based transmitter

Envelope voltage

| VGA — RF O/P

DSP T

Phase
Phase voltage | Shifter

of

Figure 4.1. Block diagram of the mixerless polar modulator-based transmitter architecture.
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The block schematic of the proposed transmitter architecture is shown in Fig. 4.1. The 1Q signal
is decomposed into amplitude and phase components. The amplitude and phase components are
mapped to gain and phase control voltages, which drive the VGA and the phase shifter,
respectively. A RF continuous wave (CW) signal is given to the RF input of the phase shifter.
The output of the phase shifter has a phase modulated RF signal with a constant envelope. This
RF output signal is fed into the RF input of the VGA. The VGA inserts the amplitude
information to this phase-modulated RF signal to generate a complex RF signal at the output of
the VGA. Mixer circuits or quadrature modulators are not used for translating the baseband
phase or amplitude signal to RF domain. This nullifies the spurious emissions and distortion

associated with the mixers. Consequently, the need for filtering the mixer spurs is avoided.

4.3 VGA gain and phase response

14

12

Gain (dB)

Input Power (dBm)

Figure 4.2. VGA AM-AM response.
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The VGA has a nonlinear amplitude and phase response as described in chapter 2. The amplitude
driven amplitude (AM-AM) response and the amplitude driven phase (AM-PM) response of the
VGA are shown in Fig. 4.2 and Fig. 4.3. The amplitude nonlinearity and the memory effects of
the VGA were mitigated using memory polynomial modelling technique in chapter 2. However,
the phase response of the VGA cannot be corrected in the same path and has to be compensated

in another path, where the phase of the signal can be controlled.

e
o

Phase (Radians)
o
i

0.2

70 60 -50 -40 -30  -20
Input Power (dBm)

Figure 4.3. VGA AM-PM response.
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4.4 Phase shifter gain and phase response

The phase shifter has a nonlinear phase and amplitude response as discussed in chapter three.
The nonlinear phase response was modelled and linearized using memory polynomial model in
chapter three. However, the amplitude response cannot be mitigated in the same path and has to
be compensated in a path, where magnitude of the signal can be controlled. Fig. 4.4 and Fig. 4.5
show the phase driven phase response (PM-PM) and the phase driven amplitude response (PM-

AM) of the phase shifter respectively.
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Figure 4.4. Phase shifter PM-PM response.
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Figure 4.5. Phase shifter PM-AM response.

4.5 Calibration of the proposed transmitter architecture

The proposed transmitter architecture using the VGA and the phase shifter will exhibit all the
four responses mentioned above: AM-AM, AM-PM, PM-PM and PM-AM. This will deteriorate
the quality of the RF signal produced at the output of the transmitter and will introduce
significant amount of distortion. A possible technique is to use individual predistortion models
for the VGA and the phase shifter to linearize their responses. Also, the phase response of the
VGA should be corrected in the phase shifter and magnitude response of the phase shifter should
be compensated in the VGA. However, this technique cannot be implemented as the responses
are interdependent. Hence, use of individual predistortion models for the amplitude and phase
paths is not an optimum solution. A new calibration technique is proposed in this work to model

the architecture as a single block.

69



This calibration technique considers the transmitter as one block and the original input complex

signal and the complex signal at the output of transmitter are used for modelling.

4.5.1 Modified memory polynomial calibration

A modified memory polynomial is proposed to model the mixerless polar-modulator-based

transmitter architecture. The proposed model can be represented as

y(n):iz}(:iamij(n—m)j><|x(n—m)|k_j (4.1)

where, am; is the complex predetermined model coefficient from a training signal. M is the
memory depth and K is the nonlinearity order of the modified memory polynomial for the n"
sample. x(n) and y(n) represent the input and output complex signals respectively. Since this
modified memory polynomial model includes terms having the complex envelope to the power
of j, this model is capable of modeling PM-PM and PM-AM effects to certain extent. The
complex gain (transfer function) of the proposed modified memory polynomial is a function of
the amplitude as well as phase of the input signal. Therefore, this proposed model is expected to
be able to improve the linearity performance compared to a conventional memory polynomial,
whose transfer function is dependent only on the amplitude of the input and hence, is able to
compensate only for the AM-AM and AM-PM nonlinear effects. A training sequence of 20,000
samples is used to extract the model coefficients. The coefficients are extracted using Least
Squares technique as described in chapter two. Using the extracted coefficients and the original
input signal, the output complex signal is estimated. This estimated output signal is compared
with the measured output signal of the transmitter using the NMSE metric to evaluate the
performance of the model. The following section briefly describes the steps involved in this

calibration technique.
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Consider B, (n—m)=x(n—m) xC(n—m) (4.2)
The calibration matrix, B generated for the above proposed model can be represented as,

B,(n) .B_(n) B,(n—-M) B, (n-M)

B= B,(n+1)..B, (n+1) B,(n+1-M) B, (n+1-M)

(4.3)
B,(n+p-1).B (n+p-1) B(n+p-1-M) .B (n+p-1-M)
Here x(n) refers to the input and y(n) refers to the output samples and p is the number of samples

of the signal portion used for the model identification.

The output matrix Y can be represented as,

v y(n+1) (4.4)

The coefficient vector a can be represented as,

T
4= [aooo %10 ®jko %001 ajKM} (45
Using the Least Squares technique, following equation holds,
Ba=Y (4.6)
The coefficient vector a is obtained as,
a=BTY @4.7)
where, BJr is the pseudo-inverse of B.
This is obtained in MATLAB using the pseudo-inverse function (pinv).
a=pinv(B)xY (4.8)

The coefficients thus obtained, is multiplied with the complete input signal to get an estimate of

the output, Yt
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Y =Ba (4.9)

est

Yest IS compared with the actual output Y to evaluate the model performance.

4.5.2 Digital predistortion technique

The complete transmitter architecture is modelled as a single block as described above. For
forward modelling, the input 1Q signal acts as the input to the model and the captured output of
the transmitter acts as the output.

Using similar technique and swapping the input and output signals, the reverse model of the
transmitter is obtained. The reverse model coefficients are multiplied with the original complex
IQ signal to generate the predistorted 1Q signal. The predistorted 1Q signal is subjected to
decomposition into amplitude and phase components and further processing, to generate the new
control voltages. The complete transmitter architecture along with the signal processing block is

shown in Fig. 4.6.
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L \;l(isAe | »| Mapping Operational Phase
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Figure 4.6. Block schematic of the proposed mixerless polar-modulator-based transmitter.
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4.6 Transmitter implementation

The proposed transmitter architecture is implemented using the VGA and phase shifter
evaluation boards, as depicted in Fig. 4.7. The baseband 1Q signal is generated using Agilent
ADS software.

The 1Q signal is decomposed into amplitude and phase components and then mapped to voltages
in MATLAB. The amplitude and phase control voltages are downloaded into the MXG/DAC
(N5182A from Agilent Technologies). The LO signal is generated using a signal generator
(E4438C ESG from Agilent Technologies). The LO and baseband voltage generators are trigged

in synchronization.

Figure 4.7. Proposed transmitter architecture implementation.

The phase control voltage from the output of the MXG is given to the op-amp for amplification.
The output of the op-amp is then fed to the phase control pin of the phase shifter. The gain
control voltage at the output of the MXG is given to the gain control pin of the VGA. The LO
signal is given to the RF input port of the phase shifter. The output of the phase shifter is fed to
the RF input port of the VGA. The RF complex signal at the output of the VGA is captured using

an oscilloscope (MS09404 from Agilent Technologies) and digitized using VSA (89600 series
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VSA from Agilent Technologies). The time alignment and further processing is carried out using

MATLAB to retrieve the 1Q information in the captured signal.

4.7 Measurement results

The performance of the proposed transmitter architecture is validated using the same LTE signal
used for the performance evaluation of the VGA and the phase shifter. A LTE signal of 1.4 MHz
bandwidth is generated using Agilent ADS software and sent to the set-up as described above.
The performance is measured over a sample length of 200,000 samples at a sampling rate of
30.72 Msamples/s. The Local Oscillator (LO) signal is at a frequency of 2.2 GHz and has a
power level of -10 dBm. The captured IQ signal after time alignment is loaded into the VSA
software. The VSA software demodulates the 1Q signal, removes the OFDM carriers and gives
back the signal constellation. The constellation thus obtained, is compared with the standard LTE
constellation defined in VSA and the EVM is calculated. The summary of results of the
performance evaluation of the proposed architecture for LTE signal with QPSK constellation is

given in Table 4.1 and Table 4.2.

Table 4.1 Summary of performance evaluation of proposed transmitter for LTE signal

SPECIFICATION VALUE
Signal bandwidth (MHz) 1.4
EVM before digital predistortion (%) 10.48
EVM after using normal memory polynomial model
(%) 1.47
EVM after using proposed modified memory
) 0.59
polynomial model (%)
Nonlinearity order and Memory depth K=4,M=1
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Table 4.2 Measured ACLR values of the proposed transmitter for LTE signal

SPECIFICATION VALUE
ACLR before digital predistortion (dBc) 43.16
ACLR after using normal memory polynomial model

49.08
(dBc)
ACLR after using proposed model (dBc) 56.72

Table 4.3 Transmit EVM’ specifications for wide area BS [85]

NOTE*: The minimum EVM requirements listed in [77] represent the combined EVM of the entire transmitter chain that
includes the base band modulator, the digital-to-analog converter (DAC), the RF transmitter and the RF power amplifier.

MODULATION | REQUIRED
SCHEME EVM [%]
QPSK 17.5

16 QAM 12.5

64 QAM 8

Table 4.4 ACLR requirements of E-UTRA (LTE) [85]

BS ADJACENT
E-UTRA CHANNEL
TRANSMITTED | CENTRE FREQUENCY | ASSUMED ;'é}ng?\l’\;THE
SIGNAL OFFSET BELOW THE ADJACENT
CHANNEL FIRST CHANNEL CHANNEL ACLR
BANDWIDTH | OR ABOVE THE LAST | CARRIER FREQUENCY AND | LIMIT
BWeHanneL CARRIER CENTRE EI?_I'T'EESgVO\/NDING
[MHZ] FREQUENCY
TRANSMITTED
BWehannel E;/L\J/TRA of same Square (BWconsig) | 45 dB
E-UTRA of same
14.30.5. 10 2 X BWchannel BW Square (BWconiig) 45 dB
15, 20
BWoechame /2 + 2.5 MHz | 3.84 Mcps UTRA RRC (3.84 Mcps) | 45dB
BWoechame /2 + 7.5 MHz | 3.84 Mcps UTRA RRC (3.84 Mcps) 45 dB

NOTE 1: BWchannel and BWcqnsig are the channel bandwidth and transmission bandwidth configuration of the EUTRA transmitted

signal on the assigned channel frequency.

NOTE 2: The RRC filter shall be equivalent to the transmit pulse shape filter defined in TS 25.104, with a chip rate as defined in

this table.
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The EVM has improved by more than 10 % after adopting digital predistortion using the
proposed model. The linearization technique reduces the signal distortion to a great extent. The
new model gives better performance as compared to the normal memory polynomial model. The
EVM value obtained also meets the EVM requirements of the LTE standard as shown in Table
4.3. The improvement in EVM validates the performance of the proposed black-box modelling
technique. The ACLR has also improved by 13 dB and the value obtained conforms to the 3GPP
LTE standard requirements, summarized in Table 4.4. The spectrum of the signal at the output of
the transmitter is shown in Fig. 4.8. This shows the mitigation of the signal distortion by

adopting predistortion using the proposed calibration technique.
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Figure 4.8. LTE signal spectrum at the output of the polar transmitter.
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The performance of the proposed transmitter for LTE signal of 1.4 MHz bandwidth, with 64

QAM signal constellation is summarized in Table 4.5.

Table 4.5 EVM measurements for LTE signal with 64 QAM constellations

SPECIFICATION VALUE

EVM before digital predistortion (%) 9.97

EVM after using proposed modified memory 172
polynomial model (%) '

The AM-AM and AM-PM responses of the proposed transmitter architecture are shown in Fig.
4.9 and Fig. 4.10, respectively. The gain and phase responses of the transmitter are linearized to
a great extent using the proposed model. Thus, the new model is able to linearize the nonlinear

amplitude and phase response of the devices in a single step.
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Figure 4.9. Transmitter AM-AM response.
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Figure 4.10. Transmitter AM-PM response.

The performance of the proposed transmitter is also evaluated for higher bandwidth LTE signals

with 64 QAM constellations and is summarized in Table 4.6.

Table 4.6 Performance evaluation using LTE signals of 5 and 10 MHz bandwidth

SPECIFICATION 5 MHZ 10 MHZ

EVM before digital predistortion (%) | 10.77 12.70

EVM after using proposed model (%) | 1.38 2.92
ACLR before DPD (dBc) 36.58 33.68
ACLR after DPD (dBc) 48.75 4412

Fig. 4.11 and Fig. 4.12 show the spectral response of the proposed transmitter for LTE signals of

5 MHz and 10 MHz bandwidth, respectively.
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Figure 4.11. Spectrum of LTE signal of 5 MHz bandwidth.
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Figure 4.12. Spectrum of LTE signal of 10 MHz bandwidth.
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The wideband spectral response of the proposed transmitter architecture is shown in Fig. 4.13.
This response is compared with that of a commercially available 1Q modulator from Signal Core.
The LO frequency used was 2.2 GHz. The proposed topology does not have any spurious
emissions over a wide frequency range. The second harmonic of the LO (4.4 GHz) has a very
low power as compared to the 1Q modulator. Thus, the proposed architecture does not require
any filtering at the output. This also negates the use of band-specific filters at the output of the

proposed transmitter architecture.
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Figure 4.13. Wide band spectral response of the proposed transmitter.
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4.8 Constellation shift compensation

As described in chapter three, the LTE baseband signal is subjected to a constellation shift to
avoid the phase discontinuities. The LTE baseband signal after applying constellation shift is

represented as,

I+ jé =1+ KQ+|(min(Q)[} (4.10)
where, | and Q are the inphase and quadrature components of the original LTE signal.
The addition of a dc value to the quadrature component (Q), results in the multiplication of the
carrier or CW signals with the DC term during frequency up-conversion. Thus, the up-converted
signal has the RF carrier component, centered around the particular LO frequency. This RF
signal after the modulator passes through the RF PA and gets amplified. Thus, the PA amplifies
the signal as well as the unwanted RF carrier signal. The power of the signal after addition of DC
component using (4.10) increases by almost 9 dB. This is due to the DC component which gets
translated to RF as the carrier. Thus the generated signal contains a non-useful carrier signal in
addition to the useful information. This carrier signal gets amplified by the PA, which will
consume additional unwanted DC power. This unwanted DC power affects the efficiency of the
PA. To avoid this unwanted carrier from being amplified, the addition of DC component through
constellation shift has to be compensated before the PA. The constellation shift can be
compensated by using a multi-branch architecture for the proposed polar modulator-based

transmitter as shown in in Fig. 4.14.
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Figure 4.14. Multi-branch polar modulator-based transmitter for dc compensation.

A constellation shift is applied to the LTE signal and can be represented as,
I+ jQ =1+ KQ+|(min(Q)} (4.11)

1+jQ =1+ HQ—|min(Q)} (4.12)

where, 1 and Q are the inphase and quadrature components of the original LTE signal.

N A

The first complex signal (1+ Q) is sent through the first branch of the modulator. The second

complex signal ('Il+ jé) is sent through the lower branch. The RF complex LTE signals at the
output of the two branches are summed together before the PA.

The carrier components cancel out, as they are 180 degrees out-of-phase. The performance of the
proposed multi-branch topology was tested for LTE signals of 1.4 MHz and 5 MHz bandwidths

and the measurement results are summarized in Table 4.7.
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Table 4.7 Summary of performance evaluation of multi-branch topology

SPECIFICATION 1.4 MHz 5 MHz
EVM before digital predistortion (%) | 9.82 10.49
EVM after digital predistortion (%) 0.43 0.59

ACLR before DPD (dBc) 50.15 42.83
ACLR after DPD (dBc) 59.05 51.43

The results show that the multi-branch topology has better performance in terms of EVM as
compared to the single branch topology. The ACLR values have improved by 3 dB as compared

to that of the single branch architecture mentioned in Table 4.1 and Table 4.6.
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Figure 4.15. LTE signal spectrum at the output of multi-branch topology.
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Fig. 4.15 and Fig. 4.16 show the spectral responses of the LTE signals of 1.4 MHz and 5 MHz
bandwidths at the output of the multi-branch polar modulator-based transmitter architecture,

respectively.

- == Before predistortion == == After predistortion
-20 . SR .
-30 |
40
N
=
€ 50
g 20
2 \
o
-60 :
& roo
#1000
-70 f ; v
4 » !
P . o
s - R
_80 “r A ll' nl

2185 219 2195 22 2205 221 2215
Frequency (GHz)

Figure 4.16. Spectrum of LTE signal with 5 MHZ bandwidth.
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4.9 Conclusion

In this chapter, a new transmitter architecture using a RF VGA and a phase shifter to build a
mixerless polar modulator was proposed. The amplitude and phase responses of the devices were
evaluated. The nonlinear gain and phase responses of the devices introduced significant
distortion to the signal at the output of the proposed transmitter. A new calibration technique was
proposed to mitigate the imperfections in the VGA and the phase shifter. A modified memory
polynomial was proposed to model the transmitter as a single black-box model. The
implementation of the proposed architecture using evaluation boards for the VGA and the phase
shifter was discussed. The proposed architecture and the proposed calibration technique were
tested using a LTE signal. The performance of the transmitter was measured and evaluated using
EVM metric. The EVM of the LTE signal was improved from 10% to 0.4% and the ACLR was
improved to 59 dBc using the proposed digital predistortion model. The proposed calibration
technique mitigated the nonlinear amplitude and phase responses of both the VGA and the phase
shifter together. The constellation shift applied to avoid phase discontinuities is compensated by
using a multi-branch topology for the proposed architecture. The multi-branch architecture offers
better signal quality in terms of EVM and ACLR and avoids any requirement for DC
compensation circuits at the receiver.

The new transmitter architecture translates the baseband IQ signal to RF without using a mixer
or a quadrature up-converter. The transmitter does not have any spurious emissions over a wide
frequency band as compared to that of a conventional 1Q modulator. Thus, the proposed
architecture does not require any filtering at the output. Hence, the use of band-specific filters at
the output of transmitter is not required as compared to transmitter architectures based on

RFDAC:S in literature.
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Chapter Five: Three-way Amplitude Modulation-Based Transmitter Architecture

5.1 Introduction

The performance of the proposed mixerless polar transmitter architecture was evaluated in
chapter four. The complete transmitter architecture was modelled using modified memory
polynomial. The transmitter topology exhibited good performance for LTE signals of different
bandwidths. The RF signal at the output of the VGA has a good dynamic range and the VGA has
very low emissions at its output. The phase shifter reproduces the baseband phase information at
its RF output. The phase shifter has issues with noise and affects the quality of RF signal
produced at its output. The phase shifter when driven with a constant control voltage exhibited
phase variations at the output over a period of time. These phase variations could not be
modelled and compensated for by the proposed impairment compensation technique. This
behaviour is uncorrelated with the signal, which makes them appear as phase noise at the output
of the transmitter. This distortion introduced by the phase shifter affects the overall quality of the
RF signal at the output of the proposed transmitter architecture.

A constellation shifting technique, as described in chapter three is used to avoid the phase
discontinuity and ringing effects from the DAC. The addition of DC in this constellation shift is
compensated through a multi-branch architecture for the polar modulator-based transmitter as
shown in chapter four.

The implementation and performance evaluation of this architecture using the VGA and the
phase shifter gave a way to another transmitter architecture. The idea was to implement a method
to take the baseband I1Q signal to RF domain without using mixers, frequency up-converters and

phase modulator circuits such as a phase shifter or a PLL.
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A new transmitter topology, called the three-way amplitude modulation-based transmitter, which
uses only envelope modulators, is proposed in this chapter. The concept of this architecture is
based on decomposing the complex envelope of the signal into three envelope components using
a three-coordinate decomposition algorithm. Three variable gain amplifiers act as envelope
modulators for these three components in order to translate the baseband signal to a carrier
frequency. This architecture does not have any phase modulator circuit and avoids any issues

with the transitional nature of the phase component.

5.2 Three-coordinate decomposition

The original complex 1Q signal can be represented in polar format as (r, 6) where, r is the

magnitude and 0 is the angle.

T (51)

0 =tan™" [%j (5.2)

where, | and Q are the inphase and quadrature components.

v

ycomponent

xcomponent

Figure 5.1. Three-coordinate signal decomposition.
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Based on geometric equations described below, a point 1+jQ of magnitude r and angle 6 can be
decomposed into three positive real components; x, y and z, which are 120 degrees apart as

shown in Fig. 5.1.

Figure 5.2. Law of sines representation.

Consider AABC with a, b and ¢ as the length of the sides and ¢, 6, ¥ as the angles as shown in

Fig. 5.2. According to the law of sines [86], we have a relation,

b __ ¢ __»@ (5.3)
sin6  sin¢g sin¥
The value of a can be obtained as,
a4 cs_m‘{' (5.4)
sing
Using the above relation, X, y and z components in Fig. 5.1 can be obtained as
« - rsm(.120—6) (55)
sin60
rsinf
= 5.6
y sin60 6

Similarly, the value of the z component can be calculated when the angle 0 is greater than 120

degrees.
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Thus, any complex point with a magnitude r and an angle 6 can be decomposed into x, y and z
components. The X, y and z components, when out-phased by 0, 120 and 240 degrees, three
vectors are obtained which when added result in a vector that represents the complex envelope of
the signal. The three-coordinate decomposition ensures that the components x, y and z are non-
negative.

The X, y and z components are mapped to voltages as,
vetrl = 20xalog,, (component)+b (5.7)

where, a and b are the constants obtained from DC voltage gain response of the VGA. Thus,

using the above relation the gain control voltages vx, vy and vz are obtained.

5.3 Three-way amplitude modulation-based transmitter architecture

L= DSP
Q —»
Vz Vy Vx
> 0° D
VGAx
Local > 120° 4R >
oscillator " RF output
VGAy
»| 240°
VGAz

Figure 5.3. Three-way amplitude modulation-based transmitter architecture.
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The proposed transmitter architecture is shown in Fig. 5.3. It consists of three envelope
modulators, VGAX, VGAy and VGAz whose gains are controlled by the voltages vx, vy and vz,
respectively. The working of VGA as an envelope modulator has been described in chapter two.
A Local Oscillator signal (LO) is given to a three-way power divider. Each of these LOs at the
output of the power divider is given a phase shift of 0, 120 and 240 degrees using passive
components and then given to RF input port of VGAX, VGAYy and VGAz, respectively.

The gain control voltages act as modulating signals and amplitude modulated signals are
obtained at the RF output of the VGAs. Thus, at the output of the three VGAs we have the x, y
and z components translated to RF and with the required phase shifts. The RF outputs of the
three VGASs are summed together using a three-way power combiner to obtain the complex RF
signal. The power combiner/divider and the phase rotation components can be designed using
microstrip transmission lines. These are passive components and can be designed for broadband
applications. The VGAs operate over a wide RF bandwidth and do not have any spurious
emissions and hence, the transmitter is devoid of any filtering requirements. Thus, this proposed
architecture facilitates the translation of baseband 1Q signal to RF without using mixers, up-

converters and phase modulator circuits.

5.4 VGA phase response

The VGA has a phase response as discussed in chapter two. The phase of the LO signal varies as
it propagates through the VGA. The variation of phase at the output of the VGA as a function of

gain control voltage is shown in Fig. 5.4.
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Figure 5.4. Phase response of VGA.

5.5 Signal decomposition with phase error

The phase response of the VGA will affect the phases of x, y and z component signals produced
at the RF output of the three VGAs. Ideally, the phases of the components at the output of the

three VGAs are expected to be 0, 120 and 240 degrees, respectively.

Y

Dz
7
Figure 5.5. Signal decomposition based on new axes.
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However, from Fig. 5.4, we see that the phase of the RF signal at the output of the VGA varies
with the gain control voltage. For a given sample n, the phase of the components x, y and z at the
output of VGASs; VGAX, VGAy and VGAz can be represented as 0+®dy(n), 120 +®dy(n) and
240 +®,(n), respectively. Here ®y(n), ®y(n) and O,(n) are the phase errors in degrees introduced
by the VGASs; VGAX, VGAy and VGAz, respectively for the n™ sample.

To compensate this phase error, the complex point 1+jQ is decomposed into components along,
0" +Dy(n), 120°+q)y(n) and 240 +®,(n) axes as shown in Fig. 5.5. The new axes are represented as
X", Y" and Z". Based on the new axes and using the law of sines, the complex point I+jQ of

magnitude r and angle 6 can be decomposed into new components; X,y and z as

rsin(120—9+¢ j
X = y

) sin(60+¢x —¢y)

(5.8)

rsin(e—¢x)

T sin(60+¢x —¢y) &9

Similarly, the z* component is obtained when 6 is greater than 120°+CDy(n) degrees. These new

components are mapped to voltages using (5.7) and the new voltages vx, vy and vz are obtained.

5.6 VGA calibration

The nonlinear gain response and the memory effects exhibited by the VGA can be modelled
using memory polynomial as described in chapter two. In this chapter, the calibration matrix is
modified to model the phase response of the VGA as well. The following section describes the
modelling and linearization of the gain and phase response of the VGA using memory

polynomial.
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5.6.1 Memory polynomial calibration

A conventional memory polynomial model can be represented as,
M N
y(n)=>>a,x(n-m)xX(n—m)i (5.10)
m=0k=1
where, ank is the complex model coefficient that can be predetermined from a training signal. M
is the memory depth and K is the nonlinearity order of the memory polynomial model. x(n) and
y(n) represent the input and the output signals of the VGA, respectively. The memory
polynomial models the static nonlinearity and nonlinear memory effects of the VGA in a single
step. A training sequence of 10,000 samples is used to extract the model coefficients. The
coefficients are extracted using the Least Squares technique as described in chapter two. Using
the extracted coefficients and the original input signal, the output complex signal is estimated.
This estimated output signal is compared with the measured output signal of VGA using the
NMSE metric to evaluate the performance of the model. The following section briefly describes

the steps involved in calibration technique, adopted for modelling the gain as well as the phase

response of the VGA.
Consider B, (n—m)=x(n-m)xC(n-m)* (5.11)

The memory polynomial mentioned in (5.10) can be written in matrix format as,

)
Bl(n) "BK(n) Bl(n_M) "BK(n_M) aZO y(n)
B,(n+1).B (n+1) B,(n+1-M) B (n+1-M) |l @ygo | | y(n+D) (5.12)
Ay
B,(n+p-1).B, (n+p-1) B (n+p-1-M) .B, (n+p-1-M) y(n+p-1)
Aim

93



Here x(n) refers to the input and y(n) refers to the output samples and p is the number of samples
of the signal portion used for the model identification.

The output matrix Y can be represented as,

v Y+l (5.13)
y(n+p-1)
The coefficient vector a can be represented as,

-
a:[ao0 89 2ko 201 aKM] (5.14)

Here, the calibration matrix is modified as compared to the method described in chapter two, to

add DC terms in the matrix. The modified matrix can be written as,

CA)
1 Bl(n) "BK(n) Bl(n_M) ..BK(FI—M) a20 y(n)
1 B,(n+1).B,(n+1) B (n+1-M) B, (n+1-M) |l ago | | v(n+D (5.15)
1... ag | |
1 B (n+p-1).B (n+p-1) B,(n+p-1-M) .B, (n+p-1-M) y(n+p-1)
a‘KM
Using the Least Squares technique, the coefficient vector, a is obtained as
_nf
a=B'Y (5.16)

where, B' is the pseudo-inverse of B.
The coefficients thus obtained, is multiplied with the complete input signal to get an estimate of
the output, Yest

Y =B-a (5.17)

Yest 1S compared with the actual output Y to evaluate the model performance.
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5.6.2 Digital predistortion technique

The x component signal generated using (5.8) is mapped to a control voltage, vx using (5.7).
This voltage when sent to the VGAX, a complex signal is obtained at the output. For forward
modelling, the x component acts as the input and the measured complex signal acts as the output
of the model. The input and output signals are swapped to obtain the reverse model of the VGA.
Thus, for the reverse model, the input is complex and has both the magnitude and phase

information, while the output is real and has only the magnitude component.

VGA
X x' el®x
Input ———p Output
X Forward X' &Py
| model .
x' ei®x R Xest
everse es
model
VGA
xel®x x" Output

—»| Predistorter| —»

Figure 5.6. Predistortion and linearization.

To generate a complex input for the predistorter, xcomponent signal is multiplied with the
measured phase error from VGAX. This generated complex signal, is multiplied with the reverse
model coefficients as shown in Fig. 5.6. At the output of the predistorter, we obtain a quasi-real
predistorted x component signal with negligible phase information (the phase is very close to

zero and can be neglected to obtain a real signal without having a significant effect on the signal
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quality). The residual phase of the predistorted signal is approximated to zero as the modulating
signal can have only real values. The predistorted signal is mapped to voltage and sent to the

VGA.

5.7 DSP block

The signal processing block as mentioned in Fig. 5.3 can be represented along with the

predistorter as shown below.

r-r-—-———----"-"""""""""""="—"="—"""—"""= |
lr £

: P DPD model | |
I DSP | | ;‘ 777 T Ccoefficients |
| : Update : | : I
| | Px, Oy, Pz : I
| | R |

| | | 2 I
I Y x| L "

D ion | )| T VoA DAC
»| Decomposition — X >
I I 0°+dx | : DPD I L/ vx
> ° oy |
I R Deocompnosm?n Phase 120\, Dy v L —» VGAy |y” | Voltage
»  0°,120°,240 240°+ Pz | : DACy
IQ ) ) mapping _rlx_> DPD mapping | vy
| ©x,Qy,®z | Filtering and oz |
Dz 1"
compensation ﬂ,{\_» VGAz |7 —H@—b

| ,_’ I___,| DPD | vz
| 1

Figure 5.7. Block schematic of the DSP.

The complex 1Q signal is decomposed into X, y and z components along 0°, 120° and 240° axes
using (5.5) and (5.6). The components generated are mapped to corresponding phase errors, @y,
®y and @, using the DC phase response of the VGA. The complex signal is subjected to a new
decomposition along, 0 +®,(n), 120 +®d(n) and 240 +d,(n) axes using (5.8) and (5.9).

An offset value is added to the components to ensure non zero values. Then, the components are

subjected to digital filtering to avoid the discontinuities.
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Figure 5.8. Components obtained after signal decomposition.
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Figure 5.9. Xcomponent after filtering and compensation.
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The variation in the component values after filtering and offset addition is also compensated. Fig.
5.8 shows the time domain plots of the x, y and z components obtained from complex signal
decomposition along new axes. The xcomponent after filtering and offset compensation is shown
is Fig. 5.9. The x, y and z components are then multiplied with the corresponding phase errors to
generate complex inputs. These complex signals are multiplied with their respective DPD
coefficients. The phase errors @y, @, and ®, and the DPD coefficients are updated after each

iteration.

< Baseband signal >

v

Decomposition along
0, 120, 240 axes

" X7 y7 z

Decomposition along 0+®x,
120+®y, 240+®z axes ¢ / Ox, Dy, Dz /
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Figure 5.10. Flow chart of DSP operation.
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The output of the DPD models are approximated to real values and then subjected to voltage
mapping to obtain the control voltages vx, vy and vz, which are downloaded to the signal

generator. The different DSP operations can be summarized in a flow chart as given in Fig. 5.10.

5.8 Implementation of transmitter architecture

The implementation of the complete transmitter architecture involves the design and
implementation of three-way power divider and combiner and the phase rotation elements. To
generate the three analog control voltages, a three-output signal generator is required or multiple

generators have to operate in synchronization.

Figure 5.11. Implementation of single path of transmitter.

For the proof of concept, in this thesis work the three VGAs are operated separately. The three
control voltages are generated and fed to the VGASs one after the other. The RF output of each
VGA is captured separately using a spectrum analyser and digitized using VSA software. The
power combining and the phase rotation operations are performed in digital domain after
obtaining the baseband signal from the VSA software.
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Fig. 5.11 shows the implementation of the envelope modulator. The VGA evaluation board
(ADL5330), used in the previous architecture is used here. The control voltage, vx is sent into
the MXG/DAC (N5182A from Agilent Technologies). The Local Oscillator (LO) signal is
generated using a signal generator (E4438C ESG from Agilent Technologies). The LO signal
and baseband voltage generators are triggered in synchronization. The baseband output of the
MXG provides the analog control voltage, which is introduced to the gain control pin of VGAX.
The LO signal is fed to RF input port of VGAX.

The RF signal at the output of VGAX is captured using spectrum analyser (E4440 PSA from
Agilent Technologies) and digitized using VSA software (89600 series from Agilent
Technologies). The baseband outputs of the three VGAs are captured individually. The time
alignment and further processing is carried out using MATLAB. The output of VGAy and VGAz
are subjected to a phase rotation of 120 and 240 degrees, respectively. After the phase rotation
operation, the outputs of VGAX, VGAyY and VGAz are summed together to obtain the complex
output signal. This signal is compared with the actual input complex signal and the NMSE value

is calculated.

5.9 Measurement results

To validate the proposed calibration technique and to evaluate the performance of the proposed
transmitter architecture, a LTE signal with QPSK constellation is generated using ADS software.
The LTE signal is oversampled by 16 and the baseband signal has 100,000 samples, sampled at a
rate of 30.72 Msamples/s. The complex signal is subjected to decomposition and processing. The
components thus obtained are mapped to voltages and sent to the setup as described above. The
LO signal is at 2.2 GHz and has a power level of -5 dBm. The measurement results are

summarized in Table 5.1.
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Table 5.1 Summary of performance evaluation of proposed transmitter for LTE signal

SPECIFICATION VALUE
Signal bandwidth (MHz) 14
NMSE before digital predistortion (dB) -14.80
NMSE after digital predistortion (dB) -40.86
ACLR before digital predistortion (dBc) 30.83
ACLR after digital predistortion (dBc) 54.76

The results obtained show that a high quality RF signal is produced at the output of the proposed
transmitter architecture. The NMSE value has improved by more than 25 dB after adopting
digital predistortion technique. The ACLR value obtained ensures that the signal at the output of
transmitter meets the requirements of the 3GPP standard [85].

Table 5.2 Summary of performance of direct conversion transmitters

TRANSMITTER ARCHITECTURES EVM (%) ACLR (dBc)
[87] (LTE 10 MHz, 16 QAM) 1.2 53

[88] (LTE 10 MHz, 16 QAM) 1.4 45

[89] (LTE 3 MHz) 0.81 41

[90] (LTE 20 MHz, 16QAM) <3 38

[91] (LTE 5 MHz, 16QAM) - 37

[92] (LTE 5 and 10 MHz; QPSK, 16 QAM) - 53, 50

The performance of the proposed transmitter topology can be compared with the state-of-the-art
direct conversion transmitters. The performance evaluation of recent works in direct conversion

transmitters has been summarized in Table 5.2.
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The performance of these topologies can vary with the design specifications and the field of
application. These measurement results are for different signal bandwidths and for different
modulation schemes of the LTE signal. Some of these architectures were designed for higher
output power and have driver amplifiers integrated. Few of them target higher bandwidth and
few architectures target integration capability.

Hence, in this thesis work for comparison purposes a calibrated, high performance signal
generator (ESG 4438C from Agilent Technologies), which offers optimum performance is used.
The same LTE signal used for the evaluation of transmitter is downloaded into the generator and
the RF signal output is captured using spectrum analyzer. The baseband signal from VSA
software is compared to the original complex signal. The measurement results are summarized in
Table 5.3.

Table 5.3 Performance evaluation of signal generator for LTE signal

SPECIFICATION VALUE
Signal bandwidth (MHz) 14
NMSE from signal generator (dB) -43.56
ACLR (dBc) 66.62

The reduction in the NMSE value of the signal at the output of proposed transmitter as compared
to that of signal generator can be attributed to the following impairments. The signal
decomposition introduces distortion due to filtering and offset addition. The addition of DC
offset results in variation of power levels of the components with respect to the complex signal
power and affects NMSE values. The predistorted signals at the output of DPD models have
residual phases, which are approximated to zero. These approximations will reduce the NMSE

value of the signal obtained after power combining. Also, the VGAs introduce noise into the RF
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signal and increase the noise floor of the system. This distortion reduces the dynamic range of

the architecture and the ACLR values as compared to the signal generator performance.
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Figure 5.12. LTE signal spectrum at the output of transmitter.

The spectral response of the LTE signal obtained after recombination is shown in Fig. 5.12. The
distortion in the signal is reduced through predistortion. The proposed transmitter has no
emissions over a wide frequency range and does not require any filtering at the output. The
VGAs operate over a wide frequency range and thus the proposed transmitter offers large RF
bandwidth and reconfigurability. The input-output envelope and phase responses of the
transmitter architecture are shown in Fig. 5.13 and Fig. 5.14, respectively. The envelope and
phase responses are linearized after adopting digital predistortion technique using memory

polynomial modelling.
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5.10 Conclusion

In this chapter, a new transmitter architecture, the three-way amplitude modulation-based
transmitter, using only envelope modulators was proposed. Three VGAs acting as envelope
modulators were utilized to realise this architecture. A three-coordinate signal decomposition
algorithm, which incorporates the phase error from the VGAs, was used. The nonlinear phase
and amplitude response of the VGAs introduced significant distortion to the signal obtained after
recombination. A new calibration technique was used to mitigate the gain and phase
imperfections in the VGA in each of the three paths. A memory polynomial was used to model
the response of each of the VGAs. The proposed architecture and the proposed calibration
technique were tested using a LTE signal. The NMSE of the LTE signal obtained after
recombination as compared to the original complex signal was improved from -15 dB to -41 dB
using digital predistortion technique. The ACLR was improved to 55 dBc and ensured that the
signal at the output of transmitter met the standard ACLR requirements.

The new transmitter architecture translates the baseband 1Q signal to RF without using a mixer,
up-converter circuits and phase modulators. As a result, the proposed transmitter does not have
any spurious emissions and does not require any filtering at the output. The large RF bandwidth
of the VGAs and the absence of filters make the design more reconfigurable than conventional

topologies.
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Chapter Six: Conclusion and Future Work

The importance of multi-standard and reconfigurable transmitters has been established in this
thesis work. To meet the demands of modern wireless communications signals with complex
modulation schemes, multi-standard and reconfigurable transmitters are needed. RFDACs are
promising candidates for direct-digital transmitter topologies with better reconfigurability.
RFDACs enable the direct conversion of digital baseband signal to analog RF signal by
combining the DAC and the mixer. RFDAC based transmitters help in reducing the chip area by
eliminating analog blocks; reconstruction filters and VGAs. Several architectures based on
RFDACs have been proposed and different techniques are adopted in them to reduce the DAC
emissions. The emissions from mixers and DACs and the filtering techniques used to reduce
them, prevent these transmitter topologies from realising their full scale advantages. The use of
band-limited filters limits the reconfigurability and increases the footprint of these topologies.
Also, the usage of multiple filters prevents the transmitter design from being integrable.

In this thesis work, transmitter architectures, which avoid mixers/quadrature up-converters and
phase modulator circuits have been proposed and investigated. These transmitter topologies are
realised using envelope and phase modulators.

The polar decomposition of complex 1Q signal results in amplitude and phase components with
higher bandwidths. The huge bandwidth and discontinuities in the phase component force the use
of 1Q modulators for frequency up-conversion.

New polar transmitter architecture has been proposed using a VGA as an envelope modulator,
and a phase shifter as phase modulator. This architecture avoided the use of traditional up-
converters for frequency up-conversion. VGAs are good candidates for envelope modulators

with the bandwidth of the gain control port as the limiting factor.
106



Phase shifters offer an alternative way of phase signal up-conversion with reduced complexity
and help avoiding PLL circuits and 1Q modulators for phase signal up-conversion. Signal
conditioning has been applied to avoid phase discontinuities and to reduce the bandwidth of
phase signals. This conditioning, involved adding a dc shift to the complex signal constellation.
This addition of dc component is compensated at the output of the modulator by using a multi-
branch topology. The nonlinearity and memory effects exhibited by the devices cause amplitude
and phase distortions and deteriorate the output signal quality. This nonlinearity in the devices
requires pre-compensation. Digital predistortion technique has been used to mitigate the
imperfections. New calibration technique was proposed and validated in this work. This new
technique offered better modelling results as compared to conventional memory polynomial
predistortion. The EVM measurements performed ensure the adherence of output signal quality
to the requirements of the LTE communication standard. However, the phase noise from the
phase shifter limited the quality of the transmitter output signal.

Another transmitter topology, the three-way amplitude modulation-based transmitter, was
proposed to avoid the phase modulator circuits. The absence of phase component nullified the
issues of bandwidth expansion and phase discontinuity in phase modulated signals. This
architecture was realised using envelope modulators based on the principle of three-coordinate
decomposition of signals. Digital predistortion technique was used to mitigate the imperfections
in the VGAs. The measurements performed using LTE signals and the low values of error
obtained, ensured the high quality performance of the architecture and the calibration technique.
The spectral quality of the RF signals at the output of the two proposed transmitter architectures
were evaluated using ACLR measurements. The ACLR of LTE signals at the output of the

transmitters conformed to the requirements of the LTE signal standard.
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The wideband spectral response of the proposed architectures shows that they have very low

spurious emissions and do not require any filtering at the RF output. Also, the wide frequency

range of operation of the devices offers large RF bandwidth for the proposed architectures. The

absence of band limiting filters has made these transmitter designs a step closer to reconfigurable

radios.

6.1 Summary of contributions

The contributions of this thesis work are

A phase modulation architecture using an analog phase shifter was proposed in this work.
The phase shifter up-converts the baseband phase component to RF domain. A signal
conditioning method was proposed to reduce phase discontinuities during this
implementation. The proposed conditioning method and the measurement results have
been summarized and submitted in a conference proceeding.
» S.lllath and M. Helaoui, “Signal conditioning for mixerless all-digital OFDM
wireless transmitters”, IEEE DCAS, 2014, accepted.
Mixerless polar modulator-based transmitter architecture was proposed using a
combination of a VGA as an envelope modulator, and a phase shifter as a phase
modulator. A new calibration technique was proposed in this work to model the
imperfections and digital predistortion technique was used to linearize the response. The
theory of operation, implementation and performance evaluation of this transmitter
architecture have been summarized and submitted in a peer reviewed journal.
» S.lllath and M. Helaoui, “New polar modulator-based mixerless wireless
transmitter suitable for high integration and reconfigurability”, IEEE Trans.

Circuits and Systems, 2014, submitted.
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A new transmitter architecture using three-way amplitude modulation has been proposed
in this thesis work. Three variable gain amplifiers act as envelope modulators and
translate the baseband 1Q complex signal to RF without using mixers and phase
modulator circuits. The research findings have been summarized and submitted in a peer
reviewed journal.
» S.lllath and M. Helaoui, “Highly linear and highly reconfigurable three-way
amplitude modulation-based mixerless wireless transmitter”, IEEE Trans.

Microwave. Theory Tech., 2014, submitted.

6.2 Future work

Research activities that can be carried out as an extension to this thesis include;

The polar transmitter architecture implemented using VGA and phase shifter has issues
with phase noise and introduces significant distortion to the output signal as described in
chapter four. The phase noise from the shifter cannot be modelled and compensated. New
phase shifters with better phase noise profile can be explored and tested. The
discontinuities in the phase component were avoided using the proposed signal
conditioning method. The addition of DC was compensated using multi-branch topology.
Exploring and analyzing new methods to reduce the bandwidth expansion and to reduce
the phase discontinuities can be included as extension to this thesis work. PLL circuits
with wide bandwidth and reduced signal processing complexity can be explored for phase
modulator circuit implementation.

Complete hardware implementation of the proposed transmitter topology using three

envelope modulators. This includes design and implementation of the three-way power
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combiner/divider and the phase rotation elements using microstrip transmission lines.
The Scattering parameters of these passive components will be measured and
characterized. The reduction in NMSE value of signal at the output of proposed
transmitter as compared to that of signal generator and the impairments causing this
reduction, were discussed in chapter five. Better signal decomposition techniques can be
explored which will avoid the filtering and offset requirements. Also, the designed
passive components will have a frequency response which needs to be characterized. The
designed passive components will exhibit phase offsets which may result in signal
distortion at the transmitter output. These impairments should be compensated to ensure a
high quality signal at the output. Efforts can be made to develop new calibration
techniques to compensate these impairments from the passive components and the
envelope modulators together. New modelling techniques can be used to linearize the
phase response of VGAs and to avoid phase approximations. Once the passive
components and modulators are put together, each component path will have different
time delays and these need to be adjusted for accurate recombination of the three

components.
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