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Abstract
The ongoing deployment of 5G devices has led to an increased demand for highly integrated
power efficient wideband transmitters. This, alongside the complementary metal oxide
semiconductor process evolution, is favouring digitally intensive transmitter architectures.
Therefore, polar transmitters have been an interesting research topic due to the digitally
intensive phase modulation and the ability to use switched-mode power amplifiers. How-
ever, full potential of the architecture has not yet been realized, with the state-of-the-art
implementations suffering from limited bandwidths up to 160 megahertz. This thesis
evaluates the feasibility of polar transmitters for even wider bandwidth signal transmission,
mainly focusing on the digital-to-analog conversion.

The feasibility is investigated in two parts, a literature review on the state-of-the-
art and a developed polar transmitter model. The literature review compares the polar
architecture to the other commonly used alternatives. Furthermore, the most common
digital-to-analog conversion methods and key figures of merit are introduced. The developed
polar transmitter model has all of the core building blocks required for a polar transmitter
modelled in Python using The System Development Kit (TheSyDeKick) development and
verification platform. Additionally, the digital-to-analog converter is implemented as two
schematic models selected from the literature survey. The schematics are written as fully
parameterized schematic generators using Berkeley Analog Generator (BAG), which is a
framework written in Python for programmatic layout and schematic generation.

The polar transmitter model is used to investigate resolutions required to theoretically
match communications signal standards with wideband signals. Full transmitter model
simulations with 5G signals with varying carrier frequencies are then run on a developed
simulation testbench to the different implemented digital-to-analog converter models. The
results are then compared and analyzed.

By studying, modelling and simulating the architecture, the thesis concludes that the
polar transmitter architecture is capable of wideband signal transmission. The simulated
bandwidths are wider than previously presented in the state-of-the-art implementations.
The bandwidth limitation is found to be mainly due to the bandwidth expansion of the
signal component separation posing challenges to the phase modulator. As a result, the
digital-to-analog converter is found to be less of a limiting factor.
Keywords Polar transmitter, Digital-to-analog conversion, TheSyDeKick, Berkeley

Analog Generator
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Tiivistelmä
5G laitteiden yleistyminen on lisännyt tarvetta integroiduille laajakaistaisille lähettimille.
Kyseiset lähettimet ovat usein osana akkukäyttöisiä kannettavia laiteita, joten niiden tehon-
kulutus pyritään minimoimaan. Tämä, sekä puolijohdeprosessien kehittyminen on johtanut
digitaalisten osien määrän maksimointiin lähettimien suunnittelussa. Polaarilähettimistä
on tullut suosittu tutkimusaihe, sillä kyseinen arkkitehtuuri sisältää paljon digitaalista
signaalinkäsittelyä vaativan vaihemodulaattorin ja mahdollistaa kytkettävien tehovahvis-
timien käytön. Arkkitehtuurin mahdollisia hyötyjä ei kuitenkaan ole täysin realisoitu,
sillä kirjallisuudessa esitellyt polaarilähettimet ovat tyypillisesti kärsineet rajoittuneesta
kaistanleveydestä. Tämä opinnäytetyö arvioi polaarilähettimien käyttöä aiempaa laaja-
kaistaisemmilla signaaleilla. Työ keskittyy erityisesti polaarilähettimien digitaali-analogia
muunnokseen.

Tarkastelu toteutetaan kahdessa osassa, kirjallisuuskatsauksella ja tutkimusta varten
kehitetyllä polaarilähetinmallilla. Kirjallisuuskatsaus vertailee eri lähetinarkkitehtuureita,
sekä millaisia digitaali-analogi muuntimia polaarilähettimissä on tyypillisesti käytetty.
Kehitetty polaarilähetinmalli toteutettiin Pythonilla, The System Development Kit kehitys-
ja verifikaatioympäristössä. Mallissa on toteutettu kaikki polaarilähettimen osat. Mallin
testausta ja verifikaatiota varten kehitettiin simulaatiotestipenkki. Testipenkki mahdollistaa
mallin simuloinnin 5G signaaleilla. Mallin ja testipenkin tavoitteena on laajakaistaisten
signaalien testaamisen lisäksi tutkia amplitudi- ja vaiheväylän suhteellisen ajoituksen sekä
interpoloinnin vaikutusta suorituskykyyn.

Python mallin lisäksi, digitaali-analogia muunnin toteutettiin täysin parametrisoituina
pre-layout malleina kahdella eri kirjallisuuskatsauksesta valikoidulla arkkitehtuurilla. Pre-
layout simulaatiomallit toteutettiin täysin parametrisoituina piirikaaviogeneraattoreina
Berkeley Analog Generatorilla, joka on Python ohjelmointikielellä toteutettu työkalu ohjel-
malliseen layout ja pre-layout piirien tekemiseen. Simulaatiot lähetinmallille ajettiin kaikilla
kehitetyillä digitaali-analogimuunnin arkkitehtuureilla ja tuloksia vertailtiin. Simulaatiotu-
lokset osoittivat että polaarilähetin on kykenevä laajakaistaisten signaalien lähettämiseen.
Digitaali-analogia muunnosta rajoittavammaksi tekijäksi kaistanleveyteen osoittautui vai-
hemodulaattori, joka joutuu moduloimaan suurella aikaresoluutiolla kantataajuuskaistaa
leveämmän kaistanleveyden omaavaa vaihesignaalia.
Avainsanat Polaarilähetin, digitaali-analogi muunnos, TheSyDeKick, Berkeley

Analog Generator
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1 Introduction
The complementary metal-oxide semiconductor (CMOS) process evolution has led
to interest in increasing digital signal processing for transmitters [1]. This is due to
decreased delays and area, as well as process, voltage and temperature variations
[2]. Additionally, the limited voltage headroom of the modern CMOS processes
poses challenges for analog signal processing [3]. Thus, digitally intensive transmitter
architectures have been favored lately, as they generally offer improved power efficiency,
scalability and reconfigurability compared to their analog counterparts [2]. The power
efficiency especially is a key figure of merit, as the transmitters are often in a battery
powered mobile device.

One common type of digitally intensive architecture is the polar transmitter.
The architecture requires digitally intensive phase modulation and allows the use
of efficient switched-mode power amplifiers [4]. However, the potential benefits
of polar transmitters have not yet been fully realized, since most state-of-the-art
polar transmitter implementations have not been able to achieve bandwidths of over
160 MHz [5]. Therefore, the aim of this thesis is to evaluate the feasibility of the
polar transmitter architecture for wideband signal transmission, with a focus on the
digital-to-analog conversion of the transmitter.

The feasibility of the polar transmitter architecture is evaluated by comparing it
to other commonly used architectures, such as Cartesian, outphasing and multilevel
outphasing. To accomplish this, the thesis will compare the concept of signal
transmission, as well as the advantages and disadvantages of the architectures.
Regardless of the architecture used, the digital-to-analog converter (DAC), is often
the main power consumer in transmitters [1]. Therefore, the thesis will also conduct a
further survey of the DAC architectures used in polar transmitters. Additionally, the
survey introduces the main figures of merit for comparison of the DACs. Furthermore,
the switched capacitor power amplifier architecture is further analysed by simulations
due to its outstanding performance in the latest state-of-the-art implementations, for
example [5, 6, 7]. In addition, the current-steering DAC is selected for comparison,
as it has traditionally been a commonly used DAC architecture and therefore the
properties and prior art are widely discussed for example in [8].

For further feasibility evaluation, a polar transmitter Python model is implemented
using The System Development Kit (TheSyDeKick) [9] system development and
verification platform. The model includes the minimum set of components needed for
digital polar transmitter implementation: interpolation, signal component separation,
phase modulation, timing matching and the DAC. The DAC is implemented as
three different models: Python, current-steering DAC and switched-capacitor power
amplifier. The current-steering DAC and switched-capacitor power amplifier are
implemented programmatically as fully parameterized schematic generators using
Berkeley Analog Generator (BAG) [10, 11, 12].

In order to evaluate the model, a TheSyDeKick simulation testbench is im-
plemented. The use of TheSyDeKick allows integration of 5G signal generation,
simulation of the transmitter and DAC models, as well as result post processing in one
environment. This post processing includes measuring the adjacent channel leakage
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ratio and error vector magnitude, which are important metrics in communications
signal transmission. The signal used in the simulations is 200 MHz bandwidth 5G sig-
nal. The bandwidth of the signal is wider than in polar transmitter implementations
in the recent literature [5, 6].

The objective of the simulations in this thesis are to determine whether wideband
signal transmission is possible with the polar architecture and the resolutions required
to theoretically match the standards. Additionally, interpolation and the timing
between the amplitude and phase path is investigated in order to enhance the
performance. The simulation set includes a test of the resolutions required to
theoretically match communications signal standards with an ideal non-square wave
local oscillator signal. The simulations then continue with a more realistic square wave
local oscillator signal, verifying the performance using the three different developed
DAC models. The analysis focuses on adjacent channel leakage ratio and error vector
magnitude as the main figures of merit.

The thesis is structured as follows. Section 2 presents the polar transmitter archi-
tecture, as well as describes the advantages and limitations of the design compared
to other architectures. Section 3 takes a deeper look into the DAC topologies used
in polar transmitters, presenting the most commonly used architectures and the
most important figures of merit. Section 4 presents the developed polar transmitter
Python model, including the three different implemented DAC models, as well as the
simulations and the subsequent results of the DAC and polar transmitter models.
Finally, Section 5 concludes the thesis by discussing the accuracy of the models and
suggesting areas for future work.
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2 Digital-intensive transmitter architectures
A transmitter is a device used to transmit a communications signal in certain
frequency, power level and signal quality that is defined in the signal standard
[13, 14]. The digital-intensive transmitter structures have become the choice for
wireless applications, as the digital implementations in general benefit from improved
reconfigurability, scalability and efficiency when compared to their analog counterparts
[2]. Additionally, the technology scaling has led to decrease in delays, area and
variations in process, voltage and temperature. However, there are many design
challenges due to various non-idealities which has led to many different transmitter
architectures. Three commonly used transmitter architectures include Cartesian,
polar and outphasing [1, 2, 15, 16]. The aforementioned architectures are presented in
this section, in addition to other structures in the state-of-the-art, such as multilevel
outphasing and radio frequency pulse-width modulation (RF-PWM). A generic
transmitter structure common to all transmitter architectures is presented in Fig. 1.

Digital
Front-
end

Q[N]

I[N] Modulator

LO

PA out

Figure 1: Generic block diagram of a digital transmitter

The digital front-end typically consists of a baseband (BB) microprocessor, which
generates the baseband signal [17]. The digital baseband signal is then digital
signal processed (DSP), which for instance may include interpolation, binary-to-
segmented conversion and depending on the architecture, conversion to correct
baseband signal format. For example in polar transmitters, the quadrature baseband
signal is converted to amplitude and phase signals.

The DSP is then followed by a modulator. In general, the modulator performs
digital-to-analog conversion and frequency shift of the signal to the carrier frequency
[4]. Depending on the architecture, the modulation may include amplitude, phase
and frequency modulation. Often in direct-conversion radio transmitters, the carrier
frequency is referred as the local oscillator (LO) signal, which can be generated using
a frequency synthesizer.

Finally, the output signal is amplified using a power amplifier (PA), which can
also be included in the modulator depending on the chosen architecture [2]. The PA
can be divided in linear PAs and nonlinear switch-mode PAs [18]. The linear PAs
amplify both amplitude and phase-modulated signals, which allows them to be used
in all transmitter structures. However, the power efficiency is limited, only up to 50%
for class A and 79% for class B [18, 16]. Switch-mode PAs such as class D and E are
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operated as switches having theoretical efficiency of 100% and in practice up to 95%
[19]. They function most efficiently with rail-to-rail control signals with minimized
transition times. Such PAs are often used to amplify phase-modulated signals.

This section presents and compares the most commonly used architectures. The
review presents the general idea of the architectures, advantages and disadvantages
of the design. Section 2.1 begins with the Cartesian architecture, followed by Section
2.2 discussing the Polar transmitter architecture. Then outphasing and multilevel
outphasing are presented in Sections 2.3, 2.4 respectively. Finally, other architectures
in literature are shortly presented in 2.5, including hybrid Cartesian and polar,
RF-PWM and multiphase.

2.1 Cartesian architecture
A quadrature amplitude modulated (QAM) baseband communications signal is in
the form [20]

Vout(t) = I(t) cos(ωct) + Q(t) cos(ωct + π/2) (1)
= I(t) cos(ωct) − Q(t) sin(ωct), (2)

where I(t) is the inphase and Q(t) is the quadrature phase signal. The signal
composition and generic block diagram of the Cartesian architecture are presented
in Fig. 2. The idea of the architecture is to directly modulate the amplitude of the I
and Q paths and combine them to output the signal. Therefore, the architecture
requires two amplitude modulators. As a result, the two paths operate at the same
bandwidth as the output signal [2]. Therefore, the digital front end does not have
to perform modulation in high bandwidth, which often leads to higher bandwidth
capabilities. However, the two amplitude modulators require area, which leads to
potentially unnecessarily complex and less efficient design. Additionally, the output
of the amplitude modulators is analog, which leads to power consuming analog
signal combination and power amplification [16]. The quadrature signal summation
leads to at least 3 dB efficiency loss, when compared to polar transmitter with same
power consumption [21]. Additionally, the architecture does not allow the use of
switched mode power amplifiers, which leads to efficiency challenges especially in
power back-off [22].
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(a)

Q

I

(b)

Q

I

ΣLO out

D
A

0°
90°

D
A

Figure 2: (a) Principle of constellation composition in Cartesian architecture. Mod-
ulated signal components are shown in red color. (b) Block diagram of a generic
digital quadrature transmitter

2.2 Polar architecture
The concept of signal transmission in polar format is not a new concept [23]. Lately,
polar transmitter research has been active, due to potential benefits over the Cartesian
architecture, which include power efficiency [2, 22]. Additionally, the design allows
the use of nonlinear DAC, which further increases the efficiency potential [4]. The
architecture does not suffer from average power challenges Cartesian architecture
has, and therefore has potentially better peak-to-average power ratio (PAPR) and
better performance in power backoff [22]. However, the possible benefits of the
architecture have not yet been fully realized, and implementations have typically
suffered from limited adjacent channel leakage ratio (ACLR), error vector magnitude
(EVM) and bandwidth with state-of-the art achieving values up to -45dB, 1.778%
and 160 MHz, respectively [6, 24]. A comparison between Cartesian architectures
and polar architecture is presented in Table 1.

Comparison of typical transmitter architectures
Architecture Analog-IQ Digital-IQ Digital-polar
BW ≥160 Mhz ≥160 Mhz ≤160 MHz

Efficiency Poor (Class AB) Poor (IQ combiner) One RF DAC array
Phase modulation

EVM Complex Complex Phase modulation
Area Large Compact Compact
Scalability Poor Good Good

Table 1: Comparison between Cartesian and polar transmitter structures. Modified
from [24].

The idea of a polar transmitter comes from the ability to represent the quadrature
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baseband signal as a polar vector. Mathematically this means that the I and Q path
can be converted to amplitude and phase signals according to the following equation

A(t) =
√︂

I(t)2 + Q(t)2, (3)

φ(t) = arctan
(︄

Q(t)
I(t)

)︄
, (4)

where A(t) is the amplitude signal and φ(t) the polar angle signal [17]. As a result,
the output signal can be presented as a single complex vector with amplitude- and
phase modulation as

Vout(t) = A(t) · cos(ωct + φ(t)). (5)

This leads to the design only requiring one amplitude modulator and a phase modu-
lator. Additionally, the power consuming IQ combiner of the Cartesian architecture
can be omitted from the design. The principle of signal composition and block
diagram of a generic polar transmitter are presented in Fig. 3.

 
(a) (b)

I/Q
to 

Polar

M

A = √ I² + Q²

N

φ = atan(Q / I)
Phase

modulator

LO

outA
DQ

I

A
φ

Figure 3: (a) Principle of constellation composition in polar architecture. Modulated
signal components are shown in red color. (b) Generic block diagram of a digital
polar transmitter

A polar transmitter comprises of three main building blocks, digital front-end,
phase modulator and amplitude modulator. The baseband signal is generated in
the digital front-end using a baseband microprocessor. The signal is then signal
processed digitally, and finally converted from Cartesian to polar format using a signal
component separator. The conversion is often implemented using coordinate rotation
digital computer (CORDIC) algorithm [25]. The algorithm rotates unit vector to
compute values for sine and cosine at certain angle computationally efficiently.

Following the amplitude and phase conversion, there are two digital control data
words, amplitude and phase. The phase is modulated using a phase modulator,
which delays the LO signal edges to generate phase changes. This leads to a square
wave approximation of the signal, which can be expressed as

φP M(t) = sign(cos(ωct + φ)), (6)



7

where sign(x) = 1 for x > 0, sign(x) = 0 for x ≤ 0 and φ is the phase information
from the signal component separator. The phase modulator can be implemented
as an all-digital phase-locked loop (ADPLL) or an open-loop modulator [2]. The
open-loop modulators use either a phase interpolator (PI) digital-to-phase converter
or a digital-to-time converter (DTC). For high resolution phase modulators, the
implementation is often split in two blocks, which perform coarse and fine tuning, for
example [24, 26]. The coarse tuning can be implemented with, for example, delay-
locked loops, voltage-controlled oscillators or dividers that are followed by multiplexer
(MUX). Following the MUX that has selected the correct coarse segment, the fine
segment is often implemented with PIs, switched capacitor circuits or oversampling
phase filters.

Finally, the amplitude and phase signals are combined using a digital-to-analog
converter. This is carried out by performing digital amplitude modulation. The
modulation is often performed by controlling unit cells using the amplitude codes
combined with the phase modulated LO signal. The combination is often performed
using an AND gate. The amplitude modulation is most often performed by four
methods: current-steering radio frequency DACs (RFDACs) [27, 28, 29], and switch-
capacitor PAs [30, 5, 7, 6], current-mode PAs [31, 32, 33, 34] and supply modulator
enhanced switch-mode PAs [35, 36, 37, 38]. The different amplitude modulation
techniques are further investigated in Section 3.

However, the modern communications signal standards require wide bandwidths
with strict requirements for ACLR and EVM, which are the main limitations of
the architecture. First of all, this is due to the fact that the Cartesian to polar
transformation with the signal component separator is nonlinear and therefore expands
the phase and magnitude signal bandwidth [17]. Therefore the paths operate in
much larger bandwidth than the input signal. In practice, this is approximately 10
times the actual signal bandwidth [2]. The main source of the bandwidth expansion
is very fast phase changes, when the signal amplitude is very small [1]. This is a
issue especially, when the signal constellation goes close to the origin.

In order to alleviate the bandwidth expansion various methods have been proposed
in literature, for example normalized phase conversion [39, 40]. In [39] it is performed
by normalizing the phase I/Q to the sum of absolute values of I and Q, which reduces
the logic complexity. However, the normalization results in amplitude variations at
the output of the phase modulator. Implementation in [40] normalizes the baseband
signals into constant-envelope phase signal as

IN = R · I√
I2 + Q2 (7)

QN = R · Q√
I2 + Q2 , (8)

where R is the radius of the constant-envelope circle. The implementation has the
advantage of persevering the original phase information completely, as the tangent
of the original data does not change. The normalization reduces the bandwidth
expansion to approximately three to five times the original. This results in lower
sampling rate and lower design complexity of the phase modulator.
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The second limiting factor is phase modulation of the LO signal. Traditionally
the modulation is implemented using phase-locked loop (PLL) [41]. However, due to
the phase component bandwidth expansion, the bandwidth of PLL is limiting the
performance, especially ACLR [2]. Additionally, modulating the phase of the LO
signal results in spectral replicas [42].

Multiple solutions have been proposed in order to overcome the aforementioned
challenge points. The solutions include signed polar [30], where the amplitude path
operates in signed mode, and the sign change is performed with 180 degree phase
shift. This reduces large phase jumps in the amplitude path while maintaining signal
quality. However, implementing this directly would lead to power drawbacks as it
requires negative supply voltage. Therefore it is more often implemented by inverting
the LO signal using a logic gate.

However, the aforementioned solution does not solve the limited bandwidth chal-
lenge of the architecture, for example [30] is able to achieve bandwidths only up
to 40 MHz. This becomes more prominent in the future, as communications signal
standards require support for wider bandwidths and higher-order modulation schemes
[13, 14]. DTC based phase modulation is presented to overcome the bandwidth limi-
tations posed by traditional PLL phase modulation [2]. It is executed by performing
open-loop phase modulation by controlling the LO signal edges directly with a DTC.
Such implementation has been able to reach bandwidths up to 160 MHz [5]. However,
as the modulation is performed without PLL, the noise is not filtered by the PLL
and the main limitations are linearity and DTC resolution [2].

Another open-loop phase modulation implementation is the PI based digital-
to-phase conversion. For example the architecture in [40] utilizes whole 2π phase
range with good coverage, which results in possibility of using continuous phase
rotation. However, the implementation’s drawback is limited phase resolution and
linearity which leads to degraded EVM and noise performance when compared to
DTC structures. The challenge may be alleviated with the use of calibration, which
requires more area and increases complexity.

Finally, as the phase and amplitude data are using different paths, the time
synchronization between the two is a challenge point [4, 43]. The effect leads to
substantial EVM and spectral performance degradation, as the error generated
is proportional to the derivative of the signal. Therefore, the linearity of polar
transmitter depends on the final modulated output signal, instead of only the linearity
of the components comprising the transmitter.

2.3 Outphasing architecture
Similar to polar architecture, the idea of outphasing signal modulation has been
around for a long time [44]. The idea behind the structure is to have two constant
amplitude vectors with different modulated phase paths. This can be represented
mathematically as [45]

S1(t) = V cos(ωct + φ(t) + θ(t)) (9)
S2(t) = V cos(ωct + φ(t) − θ(t)), (10)
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where θ(t) corresponds to the outphasing angle, which can be computed with the
equation

θ(t) = arccos

⎛⎜⎝
√︂

I(t)2 + Q(t)2

max
(︂√︂

I(t)2 + Q(t)2
)︂
⎞⎟⎠ . (11)

The two signals are then fed to a DAC, which similarly to polar transmitters can
be switch-mode [46, 47]. Following the D/A conversion, the signal is fed to a power
combiner, resulting in output signal in the format

Vout = 2V cos(θ(t)) cos(ωct + φ(t)). (12)
According to the aforementioned equation, the phase difference of S1(t) and S2(t)
determines the output amplitude.

A block diagram and signal composition of a generic outphasing transmitter is
presented in Fig. 4. Similar to polar transmitter, the input I/Q baseband signal is
first converted to output phase φ and outphasing angle θ using a signal component
separator (SCS) [1]. In outphasing transmitters, the SCS is often implented using
the CORDIC algorithm.

(a) (b)

S
C
S

Q

I

Phase
modulator

Phase
modulator

PA

PA

Σ out
φθ

θ

S1

S2

Figure 4: (a) Principle of constellation composition in outphasing architecture.
Modulated signal components are shown in red color. (b) Block diagram of a generic
outphasing transmitter

Following the SCS, both paths utilize a phase modulator. The modulation is
commonly performed by analog methods, I/Q modulation or delay-based phase
modulation. As the architecture relies heavily on the phase modulation, the PA
is just used to output the phase-modulated signal at an acceptable power level, as
the amplitude modulation is performed after combining the signal components [46].
Additionally, as both paths are identical, matching the timings between the paths is
not as challenging as in polar architecture. Therefore, the architecture has been an
appealing choice for modern CMOS process nodes.

The architecture still has its challenges, and similar to polar transmitter, the
architecture suffers from bandwidth expansion due to SCS [1]. However, the main
challenge for the architecture is the potential amplitude mismatch of the PAs, which
sets a minimum for the output amplitude and linearity [46, 47]. Additionally, even
though switch-mode power amplifiers can be used, the power back-off efficiency tends
to degrade.
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2.4 Multilevel outphasing architecture
In order to combat the aforementioned power back-off challenges, multilevel out-
phasing architecture has been proposed [48]. Signal composition and generic block
diagram of multilevel outphasing transmitter is presented in Fig. 5. The idea behind
the architecture is very similar to outphasing, with the addition of a amplitude signal
path to coarsely modulate the power amplifiers. The coarse modulation leads to
output signal in the format

Vout = 2A(t)V cos(θ(t)) cos(ωct + φ(t)). (13)

The coarse amplitude modulation is often achieved by changing the supply voltage
of the PA [48] or number of active PA cells [49].

(a) (b)

S
C
S

Q

I

Phase
modulator

Phase
modulator

PA

PA

Σ outA

φ S1

S2 θ
θ

A

Figure 5: (a) Principle of constellation composition in multilevel outphasing archi-
tecture. Modulated signal components are shown in red color. (b) Block diagram of
a generic multilevel outphasing transmitter

Due to the addition of the amplitude path, the SCS becomes more complex.
Usually therefore the multilevel outphasing is performed with four or eight amplitude
levels, in order to reduce the required SCS complexity [2]. In addition to the back-off
efficiency improvement, the amplitude path increases the amplitude resolution at the
output and alleviates the PA-amplitude mismatch nonlinearity present in outphasing
transmitters [48].

However, the introduction of the amplitude path introduces, similar to polar archi-
tecture, the difficulty of matching the amplitude and phase timings [48]. Additionally,
the PA requires more complexity than just the outphasing architecture.

2.5 Other architectures
Other architectures presented in the state-of-the-art literature include multiphase
[50, 51, 52], hybrid Cartesian and polar [53], RF-PWM [54]. The multiphase imple-
mention is designed to overcome the power efficiency and -3dB output power drop by
decreasing the angle of the components signal. However, the current state-of-the-art
implementations have suffered from limited bandwidths up to 10 MHz [2]. Hybrid
Cartesian and polar tries to overcome limitations of both Cartesian and polar ar-
chitectures. The benefit of the architecture is potentially increased drain efficiency
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and output power, with less requirements for the phase modulator [53]. However,
the architecture requires more complexity in the digital front end to compute the
phase, I and Q components. Additionally, the architecture requires RFDAC with
two components and a phase modulation. Finally, the RF-PWM performs ampli-
tude modulation with pulses with varying widths [54]. The architecture is digitally
intensive, and therefore potentially power efficient. However, generating such narrow
pulses at the PA output is challenging.
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3 Digital-to-analog conversion in polar transmit-
ters

Modern CMOS technology allows designers to fully integrate radio systems into
single-chip, due to the ability to process analog, digital and RF systems [1]. However,
an RFDAC with power amplification is still very challenging to integrate, as high
output power is required while maintaining high energy efficiency and linearity
to satisfy signal standards [13, 14]. Especially, as the RFDAC is often the most
significant power consumer in RF transmitters [1]. Therefore multiple different DAC
architectures, presented in this section, have been proposed to solve this issue.

The early power amplifier implementations used in polar transmitters used tech-
nique called envelope tracking (ET) [23]. Even though the ET and modern direct
polar (DP) implementations share identical block diagrams, the functionality is very
different [55]. ET used linear class A operation power amplification with varying
supply voltage. In the implementation, the input signal set the amplitude of output
through the gain of the PA. In more modern polar modulation, the PA sets the ampli-
tude of the output signal. The functionality is such that the transistors are operating
at nonlinear regions by switching. The output is then controlled by controlling the
switches with digital input codes. As a result, the direct polar implementation will
have better achievable power efficiency.

The direct polar RFDACs are often implemented as digital PAs [55]. The
digital PAs use an array of digitally controlled unit-cells. Switched-capacitor and
current-mode architecture digital PA structures are presented in Sections 3.4 and 3.3.
Additionally, the section presents two more traditional means of D/A conversions
with current-steering architecture and supply modulation, which are presented in
Sections 3.1 and 3.2. Finally, Section 3.5 explains the most commonly used figures
of metric for determining the performance of a DAC.

3.1 Current-steering architecture
Current-steering DACs have traditionally been commonly used as RFDACs [8]. A
current-steering DAC comprises from current sources, switches and possible additional
cascode transistors. Simplified block diagram of an segmented current-steering DAC
without cascode transistors is presented in Fig. 6. The current source cells can be
binary weighted, thermometer coded or segmented, which refers to a combination of
both [8]. A N-bit binary weighted DAC requires only N cells, with weights from ILSB

to 2N−1ILSB, but leads to difficulties in switch synchronization. This leads to spikes
in the output current, as transitions from most significant bits (MSB) transition
lower than least significant bits (LSB). Thermometer coded implementation uses
same weight for every cell, and N-bit DAC requires 2N − 1 cells. However, this leads
to a large area requirement, as it requires more are for the unit cells, switch drivers
and decoder logic. Segmented implementation uses a combination of both, where
the LSB bits are binary-weighted and MSB bits are thermometer coded to solve
the MSB transition problem related to binary-weighted D/A conversion. In such
implementation, binary-weighted cells go from ILSB to 2N−1ILSB, followed by 2NILSB
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weighted thermometer cells. As they require more area, in practice the number of
thermometer cells is around 8 [8].

VDD

OUT+ OUT-

b0 b1 tn

load

DAC cells

Synchronization &
switch drivers

Bias circuitry

Data

Clock

Figure 6: Block diagram of a segmented current-steering DAC

Regardless of the weighting used, the switches combine the currents from the
current sources, which forms an output signal [8]. As a result of the current-steering,
the differential output voltage is

Vout = Rload(IOUT + − IOUT −), (14)

where the magnitudes of IOUT + and IOUT − are determined by the amount of ON
and OFF state switches.

The switch transistor gates are driven with control signals, and the speed of
which these gates can be driven determines the operation speed of the DAC [8]. This
results in the architecture achieving high linearity and bandwidth. However, the
architecture relies on stack of multiple transistors for the DAC unit cells, which
requires supply voltage headroom.

The limited voltage headroom especially becomes a problem when cascode tran-
sistors are used to improve the output impedance. Additionally, a method to combine
the phase-modulated LO signal and current-steering with Gilbert mixing has been
used in older technology nodes [56]. However, such implementation is challenging
with the limited supply voltage headroom of modern CMOS technology.

Additionally, the design tends to have single-ended signal swings, which have to
be minimized with fast but power-efficient switch drivers [8]. Finally, the transistors
in the DAC unit cells require careful calibration to ensure that none of the transistors
move to linear region as this breaks the output impedance of the cells.

3.2 Supply modulator enhanced switched-mode architecture
Supply modulating switched mode power amplifiers, presented in Fig. 7, are another
DAC architecture used in polar transmitters. The architecture otherwise has the basic
building blocks of a basic polar transmitter, with the addition of supply modulator
in the amplitude path. The supply modulator is an amplifier, typically a linear
self-oscillating, which improves the linearity of a switched mode DAC, for example
[35]. The linear amplifier can be implemented with for example class AB amplifier
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[35, 37]. The amplifier attenuates the switching ripple of the switching amplifier and
lowers the distortion. The modulator is then followed with a switching amplifier in
the DAC that provides most of the current.

I/Q
to 

Polar

M

A = √ I² + Q²

N

φ = atan(Q / I)
Phase

modulator

LO

outA
DQ

I Supply
modulator

Figure 7: Block diagram of supply modulated polar transmitter

However, a limiting factor in this design is the supply modulator bandwidth,
which leads to distortion in wideband signals. The challenge for supply modulation
in polar transmitters is that the modulated signal bandwidths are wider than the
actual RF signal [17]. Additionally, the supply modulator path has a delay, which
makes synchronization of the phase and amplitude path difficult, addressed in for
example [35]. The effect is amplified with larger bandwidth signals.

The various challenges supply modulation presents and the analog-intensive
operation of the architecture has lead to the architecture being mostly replaced by
digital DAC methods. The two most common methods are the current-mode power
amplifier cells and switched-capacitor power amplifiers, discussed in the following
sections.

3.3 Digital current-mode architecture
Another more recent and digital intensive current using architecture is digital current-
mode PA, often dubbed digital power amplifier (DPA) in the literature. In general,
class-D and E amplifiers, presented in Fig. 8, have been commonly used architectures
in switching current mode PAs [16]. A class-D amplifier operates with a square
wave input signal, which is fed to a LC resonant tank in series. This results in only
the sinusoidal part of the square wave flowing to the load resistance. In theory, if
there is no overlap between the current the topology can achieve efficiency up to
100%. However, in gigahertz frequencies, the power consumption increases with the
equation CV 2

DDf , as the transistor parasitic capacitors charge and discharge every
cycle. Additionally, the architecture requires a PMOS transistor, which typically has
a higher ON-resistance than a NMOS device [57]. Therefore, the PMOS transistor
has to be larger than the NMOS device, leading to larger input capacitance and
driver design challenges.
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Figure 8: Schematic of (a) class-D (b) class-E (c) class-D−1 power amplifier

A class-E amplifier has the advantage of not requiring a PMOS transistor [58].
Additionally, the design is able to mitigate the CV 2

DDf loss from the transitor par-
asitics, and is able in theory to achieve 100% efficiency [16]. This is because the
voltage over the switch is zero on the ON mode, which means that the transistor
parasitics do not charge and discharge. The behaviour is usually called zero voltage
switching (ZVS). The switch voltage and its first derivative has to be zero when the
switch is turned off according to class-E PA theory. However, the first derivative
zero voltage is not required for 100% efficiency, but improves amplifier accuracy. The
architecture however uses multiple area requiring passive components. Additionally,
the limited quality factor of the components lowers the possible efficiency. Addition-
ally, the architecture requires a series inductor, which has difficulties in interfacing
for differential PAs for single-ended antenna.

Therefore, the current cells are often operated in as inverse class-D (Class-D−1),
presented in Fig. 8, for example [15, 59, 33, 34]. The architecture requires only one
LC tank which is often integrated in the transformer network of the output, which
results in much simpler output passive network than in class E [59]. Additionally,
the LC tank functions as a differential-to-single ended converter and impedance
transformer. Similar to class-D and E, the output is sinusoidal with square wave
input. In order to achieve theoretical 100% efficiency, there should not be overlapping
current and voltage. Same as class-E, class-D−1 also can ensure ZVS. The main
power consumer in the architecture is ON-resistance of the transistor. The parasitic
capacitor of the transistor has even harmonic leakage in high frequencies, distorting
the output waveform. The behaviour leads in overlap in voltage and current which
increases the power consumption. This can be improved with proper sizing of the
devices. The different power amplifier classes are compared in table 2
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Current-mode PA classes for polar transmitters
Class D E D−1

Efficiency + ++ ++
Impedance range + – +
Passive components + – ++
Switching off + – +

Table 2: Comparison between PA classes for polar transmitters.

A class D−1 current-mode DAC, typical schematic presented in Fig. 9, comprise
from unit current-cells [59]. The current cells are driven using differential phase-
modulated LO and digital amplitude codes, which control the transistors. The cells
have additional cascode transistor stage to compensate for amplitude modulation
phase modulation (AM-PM) distortion. The signal is driven to a transformer output
network. The main purpose of the transformer network is increasing the output
power of the PA. As a result, the design can achieve good power efficiency and higher
output voltages than supply.

Differential phase 
modulated LO

A[i] A[i]

VB

2n

Transformer network

load

Figure 9: Schematic of a typical current-mode DAC

The PA cells are implemented using switching amplifiers. As a result, the cells
have a finite on resistance and output capacitance [59]. The on resistance should be as
small for better power efficiency. The amplitude control of the design is implemented
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by decreasing the number of active cells, which increases the on resistance. The
functionality results in power backoff efficiency curve similar to class-B amplifiers.

However, the design suffers from AM-PM distortions [59]. The main source of
the distortion is the varying output capacitance depending on the power output
level. The cause of this is mainly due to the digital switching of the power cells and
nonlinear cascode transistor capacitances. In order to combat the challenge, digital
pre-distortion is implemented using AM-PM lookup tables or real time cancellation.

For a way to combat the AM-PM distortion, a three-coil transformer output PA
network is proposed in [33, 34, 60]. Schematic of the implementation is presented in
Fig. 10. In addition to AM-PM distortion improvement, the transformer network
provides low-loss power combining and high impedance transformation ratio [33].
This is achieved if the inductance of the transformers resonate with the output
capacitance of the cells. A low quality factor is preferred in the transformer network,
as it has lower phase sensitivity to capacitance variations.

Differential phase 
modulated LO

A[j] A[j]

VB

Sub
PA2

2n-1

A[i] A[i]

VB

Sub
PA1

2n-1

load
Three-coil transformer

output PA network

Figure 10: Schematic of a current-mode DAC with three-coil transformer output
network
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In addition to predistortion and output network, the linearity and AM-PM
distortion can be compensated using varactors [60], feedforward capacitors and
biasing scheme [33].

3.4 Switched capacitor architecture
A switched-capacitor PA (SCPA) is another RFDAC architecture which has shown
potential to combine the digital intensive implementation with high efficiency of
switch-mode power amplifiers [61]. Fig. 11 presents a circuit schematic of a single-
ended capacitive RFDAC. SCPA performs amplitude control by digitally controlled
charge transfer in capacitor array. In principle this means that the capacitors are
switched between the supply voltage and ground depending on a digital code word.
If a cell is inactive, it is kept at ground voltage. As a result, SCPA combines a power
amplifier and DAC, while being power efficient yet able to output high power levels
[62]. The architecture is native elements to CMOS processes, as it uses transistors
and precision capacitors. Additionally, the architecture benefits from CMOS scaling.

Phase modulated 
LO

C1

C2

C3

Cn

Impedance
matching

load

A[0]

A[1]

A[2]

A[n]

Figure 11: Block diagram of a single-ended capacitive DAC

An unit cell comprises of at least a LO gate, driving inverter and capacitor. The
idea of the circuit is such that the capacitors have a common top plate node. The
bottom plate of the capacitors is controlled by LO gates [62]. The gates use the
amplitude data and the phase modulated LO signal to determine which cells are
actively switched. As the switching is usually performed at the carrier frequency,
multiplication and upconversion of the amplitude is combined.

Following the unit cells, there is an impedance matching block. The block has
two purposes, filtering out harmonics and lower the output impedance such that
higher output power can be generated [62]. Assuming the LO is a square wave signal
as presented in (6), without impedance matching the output of the capacitive DAC
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is

Vprematch(t) = VDD
n

N

(︄
1
2 + 2

π

∞∑︂
k=1

sin((2k − 1)ωLOt)
2k − 1

)︄
, (15)

where n is the amount of actively switching cells and N is the amount of cells in the
array. In order to extract the sinusoidal wave to the output, an impedance matching
circuit has to be implemented before the load [62]. This is implemented by adding a
inductive element, which resonates with the capacitors. This functions as a bandpass
filter to get rid of the higher order harmonics of the square wave. As a result, the
output waveform is in the format [61]

Vout(t) = 2
π

VDD
n

N
sin(ωLOt). (16)

As the phase modulated LO contains both the carrier frequency and the phase
information, the output can be then written as

Vout(t) = 2
π

VDD
n

N
sin(ωct + φ). (17)

To further analyze the dependencies of certain variables on figures of merit such
as power consumption, from the aforementioned equation it can be seen that the
output voltage is directly proportional to the number of switching capacitors, total
number of capacitors and the supply voltage. Therefore the output power can be
computed as [61]

POUT = 2
π2

(︃
n

N

)︃2 V 2
DD

ROP T

, (18)

where ROP T is the optimum load resistance. Furthermore, the dynamic power
required to charge and discharge the capacitor array can be computed as [61]

PSC = n(N − n)
N2 CT OT V 2

DDf, (19)

where CT OT is the total capacitance of the circuit and f corresponds to the signal
frequency. The aforementioned equations show the relation that power consumption
depends on total number of capacitors, number of switching capacitors, total capaci-
tance, supply voltage and frequency. Furthermore, the power added efficiency (PAE)
in ideal case can be computed as [61]

PAEIDEAL = POUT

POUT + PSC

= 1
1 +

(︂
N
n

− 1
)︂

CT OT fπ2ROP T

2

. (20)

According to this analysis, the number of switching capacitors should be maximized
for better power added efficiency. Increasing the frequency and total capacitance
degrades the PAE linearly. Various other factors, α and β that model the attenuation
factors for matching network parasitics and switch on resistances and PSW C , PDR
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and PCLK model the switch capacitance, driver capacitance and clock distribution
network capacitance losses [61]. The PAE then could be computed as

PAE = α · β · POUT

Pout + PSC + PSW C + PDR + PCLK

= α · β

1 +
n(N−n)

N2 CT OT V 2
DDf+ n

N
CSW V 2

DDf+ n
N

CDRV 2
DDf+CCLKV 2

DDf

2
π2 ( n

N )2 V 2
DD

ROP T

= α · β

1 + π2ROP T f((N−n)CT OT +NCSW +NCDR+ N2
n

CCLK)
2n

. (21)

Even with the more accurate modelling with the added nonidealities, the same design
relations can be noticed, where total capacitance, signal frequency and number of
switching capacitors degrade the PAE. In order to minimize the number of switching
capacitors in power backoff, various methods have been introduced in literature.

The power backoff performance of SCPAs has been a active research topic, as
modern communications signals have high peak-to-average ratio, which require high
output powers with high efficiency at power backoff levels. It is most commonly
carried out in latest state-of-the-art with an idea first proposed in [63] using a multi-
core power amplifier with main PA core staying fully on and turning off the peaking
PA cells sequentially [64, 65, 66, 5, 6]. The idea is presented in Fig. 12. As seen in the
figure, in a architecture with 4 PA cores, the 6dB power backoff can be achieved by
turning off two of the cores, which leads to a smaller number of switching capacitors.
The idea is that the transformer core presents an optimum load impedance to the
PA cores [63]. When a core is turned off, the remaining cells are still presented an
optimum output impedance for the backoff power level resulting in efficiency peaks
at the backoff levels.
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Figure 12: SCPA backoff enhancement with multicore PA transformer combining.

Other ways to perform the backoff enchancement for SCPA include dual supply
class-G [67] and two-way time-interleaving SCPA [68]. The dual-supply class-G
functions by having two different supply voltage levels, ideally the other one being
half of the VDD used for the maximum power for the -6dB backoff, as the output
voltage is linearly dependent on the supply voltage [67]. Advantage of the dual
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supply is that it does not require a multicore SCPA unlike the others. The two-way
time-interleaving SCPA splits the duty-cycle of the LO signals to two different time-
interleaved 50% duty-cycle LO signals operating at half of the original frequency
[68].

The digital intensive structure of the design in addition to the availability of
high-quality accurate metal-metal capacitors results in the design being common in
advanced technology nodes, for example [69, 6, 5, 30]. Additionally, the architecture
does not usually require calibration of individual cells, as the metal-metal capacitors
offer sufficient matching properties [61].

Similar to the current-mode digital PA, a source of linearity limitation is the
AM-PM distortion [61]. In SCPA architecture the cause is mainly the output
impendance’s dependency on the input data codes. The linearity can be improved
with for example input resistor in the unit capacitor cell [69]. However, this reduces
the output power. Therefore, the bandwidth and linearity in the architecture is a
tradeoff between them and the output power level.

Another source of linearity limitation and noise performance is the power supply
impedance of the driving cells [61]. A change in supply voltage of the cells forms a
modulated change at the output. The modulated change creates distortion products
at the harmonics and close to the carrier frequency.

A performance comparison table between different state-of-the-art SCPA and
digital current-mode DAC architectures are presented in Table 3. The two selected
implementations use a similar modulation scheme and technology process and fre-
quency range. The SCPA is showcasing higher backoff efficiency, which is partially
due to the implemented SCPA backoff enhancement with multicore PA transformer
combining presented earlier. This additionally leads to better peak-to-average power
ratio. Additionally, the SCPA architecture is able to reach bandwidths up to 160MHz,
which is the highest bandwidth presented in the literature.

Comparison of digital DAC topologies in polar transmitters
Architecture Switched capacitor [24] Current-mode digital [33]
Signal 802.11ax 802.11n
Technology (nm) 28 28
Resolution (bits) 11 8
Bandwidth (MHz) 160 20
Frequency range (GHz) 2.5-5 2-4.3
Supply (V) 1.4 1.4
Pmax (dBm) 27 24.9
Efficiency 53% (PAE) 42.7% (DE)

Backoff efficiency
Pmax − 5.5dB: 35%
Pmax − 6.3dB: 31.5%
Pmax − 6.9dB: 28.9%

Pmax − 6.6dB: 23.7%
Pmax − 10.2dB: 15.6%

PAPR (dB) 5.5 10.2

Table 3: Comparison between digital polar DAC topologies.
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3.5 Performance metrics
This section presents a summary of the most important metrics for characterizing
a DAC. Detailed description of the metrics has been described multiple times in
previous literature, for example in [8, 70, 71, 72]. Therefore, this section will briefly
introduce the metrics according to the aforementioned sources, in order to give
context for the DAC analysis presented later in Section 4.

3.5.1 Gain error and linearity

Linearity of a DAC can be measured with three different figures of merit, gain error,
integral nonlinearity (INL) and differential nonlinearity (DNL), visualized in Fig.
13. Gain error represents the difference in average LSB steps. For example in a
current-steering DAC, the input code 5 should result in current of 5ILSB to the
output load. However, in the presence of gain error, the output would not be 5ILSB.
This is especially problematic in architectures such as the Cartesian, where imbalance
between I and Q signals result in inter-channel interference and reduced sideband
rejection in IQ mixers. In polar transmitter architecture, the absolute accuracy is
not as important as the relative accuracy of the DAC. This means that it is more
important, that the output value of 4 is twice as large as value corresponding to 2.

(a) (b)
Input code

Output value

Ideal
Actual

Input code

Output value

Ideal
Actual

Average LSB
step

DNL

INL

Figure 13: (a) Gain error (b) Integral- and differential nonlinearity of a DAC

More important metrics for a DAC in polar transmitter are INL and DNL as
the architecture requires only a single converter. There are two definitions for
INL of a DAC, which is different from INL of analog-to-digital converters. One
definition is the difference between output and best-fit straight line through the
output values. Another is the difference between the output value and a straight line
drawn between the largest and smallest input code, divided by average LSB step.
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INL curve, presented in Fig. 14, visualizes how much the output differs from linear
output. In addition to the curve, it is usually given as a range or maximum value.
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Figure 14: An example simulated INL curve of a DAC

DNL is defined as the difference of a step size compared to the average step size.
The DAC is not monotonic, if the value of DNL is smaller than -1. This would mean
that the output value of the DAC decreases when input value increases. Additionally,
a converter has N bit accuracy, if −0.5 ≤ DNL ≤ 0.5.

INL and DNL define the linearity limits of a DAC. Additionally, they are the
performance bottlenecks of Nyquist rate converters. The linearity often degrades as
the frequency and sample rate of the DAC are increased, as seen in Section 4.

3.5.2 Noise and distortion

In addition to linearity, there are various other figures of merit for a DAC. No matter
the DAC or transmitter architecture used, the designs always suffer from quantization
error. It is a result of digital signals being able to convey information with limited
amount of resolution. As the digital-to-analog conversion has finite resolution and
sample rate, the quantization is the inherent source of noise in the signal. Signal-
to-noise ratio (SNR) is defined as the ratio of signal and noise power over a certain
frequency band in decibels. For a Nyquist rate converter, SNR frequency band is
defined from 0 to fs/2. Quantization noise defines the upper limit of SNR with the
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equation

σ2
n = ∆2

12 , (22)

where ∆ is the quantization step size. In the case of a sinusoidal signal with N-bit
resolution and amplitude of A

∆ = 2A

2N
. (23)

This leads to a SNR from only quantization noise of

SNR = 6.02N + 1.76dB. (24)

In practice, there are other sources of noise, such as 1/f- and thermal noise, which
lower the SNR value. However, the SNR can be improved with oversampling ratio
(OSR) defined as

OSR = fs

2fbw

, (25)

where fs is the sampling rate of the DAC and fbw is the bandwidth of the signal.
The relation between SNR and OSR is the following equation

SNROSR = 6.02N + 1.76 + 10 log10(OSR), (26)

which indicates that doubling the oversampling ratio results in 3dB increase in SNR.
Another metric similar to SNR is signal-to-noise and distortion ratio (SNDR). It

is defined as the ratio between signal power and the sum of noise and distortion. The
metric is often used to assess the dynamic range of a DAC. The dynamic range can
also be expressed as effective number of bits (ENOB). If SNDR is measured with
sinusoidal signal excitation, similar to SNR presented previously, it can be computed
with the equation

ENOB = SNDR − 1.76dB

6.02 . (27)

When measuring the SNDR in practice, it may result in fractional number of bits,
which is fine, as ENOB relates the DACs performance to a ideal quantizer. This
means that ENOB < N by definition for any N bit converter. Typically, a DAC
suffers from other performance degrading factors, such as mismatches [73]. Therefore
in practice physical resolution has to be higher in order to achieve desired ENOB.
The DAC may also cause distortion to the signal, which can be alleviated with
predistortion. This leads to increased linearity in the output signal with the cost of
lowering ENOB, as all input values are not utilized anymore.

Distortion is additionally quantified with total harmonic distortion (THD). It is
defined as the ratio of signal power compared to sum of all harmonic distortion powers.
The value of THD is often expressed in decibels. Harmonic signal components are
caused by for example transistors.
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Harmonic distortion often causes spurs in the output spectrum of a DAC. The
spurs may also be caused by other factors, such as coupling. A metric describing the
level of highest spurious tone is spurious free dynamic range (SFDR). It is defined as
the ratio between signal power compared to highest spurious tone. SFDR is measured
in decibels relative to the signal power.

For example in current-steering DACs, SFDR, INL and DNL are the figures of
merit given. They represent the linearity of the device. In most cases, the SFDR
and as a result SNDR are so low, that the ENOB is not close to the value given
by INL or DNL. A simulation example with sinusoidal signal excitation containing
measurement of the metrics presented in this section are presented in Fig. 15.
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Figure 15: An example spectrum of 500MHz sinusoidal signal simulation of a current-
steering DAC with fs = 5GHz with DAC performance metric calculation.

3.5.3 Time domain

For a DAC, there are performation degradations in the time domain as well in
addition to the aforementioned frequency domain limitations. An example time
domain signal of a DAC is presented in Fig. 16. The two most prominent time-domain
phenomena are glitches and settling.
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Figure 16: A simulated time domain output of a DAC.

Glitch is a spike in the time-domain plot of the output signal. They can be
formed by for example different rise and fall times or timing differences in switch
synchronization. In the latter case they are problematic. However, in most cases the
glitches do not compromise the linearity of the DAC.

Settling on the other hand describes the time the output signal requires to settle
to the value after a transition. The load of the DAC determines the settling shape.
For example a resistor capacitor load leads to low-pass settling. On the other hand,
with resistor inductor capacitor loads, the settling looks like damped oscillations. Due
to the fact that settling is a filtering operation, it has no effect on the performance
of the DAC unless the filtering affects the signal band (from 0 to fs/2).

3.5.4 Sample-and-hold

Time domain signal of a DAC typically looks like a zero-order hold (ZOH) signal.
The reason for this is that often DACs are implemented as sample-and-hold. This
means that for a sampling time period Ts the output value is constant. This has the
adverse effect of images appearing at multiples of the sampling frequency fs = 1/Ts.
Such images are attenuate according to the sinc function, which is defined as

fn = f

fs

(28)

sinc(fn) = sin(fnπ)
fnπ

, (29)
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where f is frequency and fn is normalized frequency. Typically DAC sampling rates
operate in the range of few gigahertz.

The aforementioned images appearing at multiples of the sampling frequency
may result in spectral degradation. This may lead to both SNR degradation in the
frequency band, and out of band violation of strict communications signal standard
spectral masks. The SNR degradation is caused by upconverting the signal to carrier
frequency, as this also shifts the sampling images. This can be alleviated by combining
DAC and up-conversion. However, the design becomes more challenging, as Nyquist
rate requires fs = 2fc. Therefore typically digital transmitters use analog filters to
get rid of sampling images before up-conversion, as even simple filters attenuate the
images sufficiently.
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4 Implementation and verification
As discussed in the previous section, DACs often comprise a matrix of multiple unit
cells identical to eachother. Therefore, automating the schematic and layout drawing
by utilizing BAG to generate the schematic and layout of the design is used in this
implementation. Section 4.1 provides an introduction to BAG. TheSyDeKick system
design and verification platform is used to simulate the generated schematics, which is
presented in Section 4.2. TheSyDeKick is additionally used for the implemented polar
transmitter Python model, which is presented in Section 4.4. The polar transmitter
can be simulated using different DAC models. The implemented DAC models are
presented in Section 4.3, including the Python model, current-steering DAC and an
SCPA schematic. Finally, the simulation results of the polar transmitter model are
presented in Sections 4.5 and 4.6. Finally, the most important findings are discussed
in Section 4.7.

4.1 Berkeley Analog Generator
BAG [10, 11, 12] is a framework written in Python programming language for
creating fully parameterized schematic and layout generators. The generators allow
the designer to create a schematic and layout according to the programmed values.
As a result, the designer is able to iterate the schematic and layout with various
parameters to find optimal values, as the schematic and layout generation takes mere
seconds or minutes. Additionally, the generators are technology agnostic, resulting
in process portability and script reusability. The framework is especially useful in
array-like structures, such as DACs, as the architectures often comprise multiple unit
cells similar to each other.

A typical workflow of using BAG is presented in Fig. 17a. The first step is
creating a new BAG module. This is executed by running a script that creates
a template generator module. A BAG module comprises of a initialization script,
layout generator and a schematic generator as shown in Fig. 17b. The initialization
script is used to define the parameters the circuit requires for schematic and layout
generation. Then the schematic and layout generators are used to perform the
generation of the circuits using the framework. In addition to the scripts, the module
has configuration script and documentation.
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(b)

Figure 17: (a) Typical BAG workflow. (b) Directory structure of a BAG generator
module.

Before the schematic generator can be used, a template schematic and schematic
symbol have to be created, which represent the architecture of the parameterized
design. The schematic generator script then modifies the template based on the
parameters set in the script. As the parameters are a subset of the layout generator,
this ensures that the schematic corresponds to the generated layout.

Following schematic generator, the layout is generator is written. In the layout
generator script, the drawing is codified with various functions in the BAG framework.
This includes for instance describing the routing and positioning of the devices.
Finally, after the generator scripts have been developed, the scripts are tested by
performing layout versus schematic (LVS) checks with different parameters to ensure
that the circuit works as intended. In this work, the final step, simulating the design
is carried out using TheSyDeKick, which is presented in the following subsection.

4.2 The System Development Kit
TheSyDeKick [9] is an open-source design and verification environment, written in
Python programming language. The environment comprises multiple helper scripts
and modules called entities. The helper scripts perform utilities such as netlisting
and parasitic extraction.

The entities are either methodical or hardware model entities. The methodical
entities provide common methods for simulations or post processing of results. The
simulations can be run in Python or using external simulators [74, 75, 76]. Addition-
ally, the methodical entities include measurement instrument models [77, 78, 79] and
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drivers for controlling actual measurement equipment.
The second category, hardware model entities, such as inverter [80], model a piece

of hardware. Such model may include a Python model as presented in Section 4.3 and
hardware model with using BAG to generate the schematic and layout. The model
is often controlled with a model attribute in the entity, which selects the hardware
model in use. For example, the DAC model in this work was both implemented as
a Python model and schematic simulated using a spice simulator. More complex
hardware model entities often have separate testbench [81] and tests [82] entities.
The testbench configures and runs the simulations. The tests entity is used to develop
and run designer set standard of tests. The separation allows for modular verification
of the model. An example of such more complex simulation setup is presented in
Section 4.4.

4.3 Digital-to-analog converter design
The DAC core is implemented with three different models for concept verification.
The models are Python, current-steering and SCPA. All of the structures are
implemented differentially. The Python model is a sample-and-hold model. The
SCPA and current-steering models are schematic generators implemented with BAG.
As discussed in Section 4.1, the implementation allows for controlling variables such
as number of thermometer and binary bits and device sizing freely. However, unlike
described in the typical workflow of BAG, only schematic generators were developed
in this work. Therefore all of the simulation results presented are pre-layout. Layout
generators and post-layout simulations are out of scope for this research.

The BAG generated current-steering schematic is presented in Fig. 18. The
implementation utilizes 3 binary LSB bits and 7 thermometer MSB bits. The load
resistance is approximately 50Ω, and the transistors were sized using DC simulations
for acheiving approximately 0.3-0.4V voltage swing over the load resistances. Another
key benefit in the BAG design was the ability to iterate the sizing of the transistors
in order to make sure that all of them remain in the saturation region.

VDD

OUT+ OUT-

VIN2-VIN2+

VB

VIN1-VIN1+

VB

VINn-VINn+

VB

Figure 18: The implemented current-steering DAC schematic using BAG.
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Following the DC biasing simulations, the performance of the current-steering
model was next verified by linearity simulations. The block diagram of the simulation
setup is shown in Fig. 19. The idea of the simulation is to go through all of the input
codes running at a certain LO frequency. An example of such signal with 4GHz LO
signal is shown in Fig. 20. The signal is then fed to the DAC core model, which first
quantizes the signal and converts it to binary values. The signal is then binary-to-
unary converted and finally fed to the Spice simulator. The simulated schematic is
either the current-steering DAC or SCPA presented later in this section. The output
of the signal is then fed to the oscilloscope [79] and DAC analyser TheSyDeKick
entities [83]. The DAC analyser entity was developed in this work and it calculates
the INL, DNL and plots the curve as presented in Section 3.5.

DAC core tests

QuantizeInput
signal

DAC core 

PyPy

Binary-to-
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steering
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Figure 19: TheSyDeKick simulation setup for DAC linearity measurements.
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Figure 20: DAC linearity test simulation signal with 4GHz LO signal.

The selected LO frequencies for the simulations were 1GHz, 4GHz, 7GHz and
10GHz. The results of the simulations for current-steering are presented in Fig. 21. As
seen in the figures, the linearity degrades with higher LO frequency. The performance



32

degradation in the higher frequencies is caused by the transistors showing less linear
behaviour in higher frequencies due to the parasitic capacitances. However, in general,
the results show highly linear behaviour, which can be attributed to the near ideal
circuit, with only nonidealities being the transistors and resistors. The simulations
are pre-layout, the load is just a resistor, the control of the unit cells is directly driven
to the switch transistors and the differential-to-single-ended conversion is performed
in Python, the results achieve very high linearity. Additionally, the high number of
thermometer bits in relation to the binary bits increase the linearity performance. In
post-layout simulations, the linearity would certainly degrade especially with higher
frequencies as the effect of the parasitic capacitances is more significant.
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Figure 21: Current-steering DAC schematic linearity measurement with (a) 1GHz,
(b) 4GHz, (c) 7GHz, (d) 10GHz LO frequency.

Similarly to the current-steering architecture, the SCPA is also implemented as a
schematic. The implemented schematic is shown in Fig. 22. The unit cells comprise
AND gate and capacitor. The voltage charge of the capacitors is driven to a load
comprising of a capacitor. The resolution of the PA is the same as for the current
steering, 7 thermometer MSB and 3 binary LSB bits.
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Figure 22: The implemented SCPA schematic using BAG.

The AND gate and capacitor sizing was carried out with a set of full voltage
swing simulations and linearity simulations similar to the ones performed to the
current-steering. The results of the linearity simulations are presented in Fig. 23.
The SCPA schematic simulations showcase even higher linearity when compared
to the current-steering simulations. The high linearity can be attributed to the
ideal capacitance load, and schematic model. However, introducing a resistive load
would start discharching the capacitors, making the linearity measurement more
challenging.
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Figure 23: SCPA schematic linearity measurement with (a) 1GHz, (b) 4GHz, (c)
7GHz, (d) 10GHz LO frequency.

4.4 Polar transmitter model
A block diagram of the implemented simulation testbench and polar transmitter
model used for the communications signal simulations is presented in Fig. 24. All of
the blocks are implemented as Python models with the exception of the DAC core,
which is implemented as Python model, current-steering or SCPA as explained in
the Section 4.3. The simulations performed to the current-steering and SCPA are
only pre-layout.

The input simulation signal is initially generated using NR signal generator
TheSyDeKick entity [84], which is capable of generating communications signals
adhering to the 5G standard. The signal is fed to the implemented polar transmitter
model, where the baseband signal is interpolated and converted to amplitude and
phase signals. Following the conversion, the amplitude and phase paths are further
interpolated in order to achieve the high time resolution required for accurately
simulating high frequency high phase resolution cases. The minimum time resolution
required for accurate simulations can be computed as

Tres = 1
fc · 2Nφ · 2 , (30)
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where Tres is the time resolution required for the simulations, fc is the carrier
frequency and Nφ is the phase resolution. With carrier frequency of 10GHz and
phase resolution of 6 bits, this results in time resolution requirement of at least
0.78125 picoseconds.
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Figure 24: The implemented polar transmitter model and simulation testbench with
TheSyDeKick.

The amplitude path is interpolated as sample-and-hold to model the actual
behaviour on the chip and match the vector length of the phase path and depending on
the simulation the phase path can either be sample-and-hold or linearly interpolated.

The phase modulation is performed mathematically in Python according to (6).
The phase modulated LO signal controls the DAC core and combines the amplitude
and phase information. The implementation is explained in further detail in Section
4.3. Following the DAC core, the output of the transmitter is then analyzed using
measurement instrument model and receiver TheSyDeKick entities. Oscilloscope
entity is used for the time domain analysis, plot PSD entity for spectrum analysis
and ACLR computation. Finally, the output signal is fed into a receiver entity
which demodulates the signal for analyzing the EVM by comparing the simulated
constellation points to the actual ones.

In order to improve the performance of the transmitter with linear phase inter-
polation by minimizing the error of the interpolation, extra steps can be created
and the phase changes can be delayed to reduce the positive and negative side error.
The idea of matching the timing of the paths and creating the amplitude steps are
presented in Fig. 25.
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Figure 25: The generation of amplitude steps and matching the timing of the
amplitude and phase signals.

The improvement achieved by the amplitude and phase path timing matching
and step creation is measured with ACLR and EVM, which are important metrics in
communications signals. ACLR is an important metric defined in the communications
signal standards that describes the ratio between the power in the channel frequency
bandwidth to the power in adjacent frequency channels [85]. ACLR is used to
showcase the strength of the transmitted signal compared to noise sources and
other signals on different channels. An example of the metric is presented in Fig.
26. Similar to ACLR, EVM is another metric important in communications signal
standards. It defines the modulation quality, by measuring the difference between an
ideal signal and modulated carrier signal [13]. An example of an EVM measurement
is presented in Fig. 26.

The advantage of using amplitude steps is illustrated in Fig. 26. The simulation
test case is using 10 amplitude and 11 phase bits. The simulation result showcases
ACLR improvement of over 20dB and EVM improvement of over 1.6%. As the
improved ACLR and EVM showcases, the transmitter performance can be significantly
improved by adding the amplitude steps and delaying the phase points. This is
due to the delay of the phase points creating equal error to the positive side and
negative side of the linearly interpolated signal, as seen in Fig. 25. The addition of
the amplitude steps further minimizes the error of individual codes, as the difference
between the phase and amplitude gets smaller as illustrated in Fig. 25.
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Figure 26: Transmitter Python model simulation with (a), (b) no amplitude steps
and phase delay in and (c), (d) with 2 amplitude steps and delayed phase with 10
bit amplitude and 11 bit phase resolutions.

4.5 Ideal non-square wave LO signal transmitter simulations
In order to investigate the capabilities of a polar transmitter, a series of simulations
using ideal non-square wave LO were carried out in order to gain an idea of resolutions
required for certain performance targets. The simulations presented in this subsection
are performed using the Python model exclusively. The two transmitter performance
metrics investigated are ACLR and EVM.

The bit resolutions required to achieve certain ACLR values are investigated using
the developed polar transmitter Python model. The bit requirement was investigated
using ideal non-square wave LO signal

S[n] = A[n] · cos(ωct + φ[n]), (31)

where A[n] and φ[n] where the quantized amplitude and phase information. Addi-
tionally, the S[n] input signal is quantized before feeding it to the Python model. The
bit resolutions are investigated with two test cases with different modulation schemes.
The first one is 200MHz bandwidth, 3GHz carrier frequency 16QAM input signal,
and the other one is the same frequency and bandwidth with 256QAM modulation.
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The results are presented in Table 4. A visualization of the results is presented in
Figs. 27a and 27b.
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Figure 27: Python model ACLR simulation with 3GHz carrier frequency, 200MHz
bandwidth (a) 16QAM signal (b) 256QAM signal. Blue values correspond to values
over -40dB, red below -40dB, yellow below -50dB and green below -60dB.

The simulation shows that there is no significant difference between the higher
and lower order modulation schemes. Additionally, increasing the number of phase
bits has a larger effect on the ACLR, but the effect of this saturates when phase
resolution is large enough compared to the amplitude resolution. This effect can be
mitigated by increasing the amplitude resolution.

According to the simulation, the minimum resolutions to match the -45dB ACLR
requirement presented in the 5G standard [13] are 8 amplitude and 7 phase bits.
However, in actual DAC, the input signal is not ideal as presented in (31), as the
modulated LO signal is a square wave as presented earlier in (6). Therefore, more
accurate simulation case is with signal

S[n] = A[n] · sign(cos(ωct + φ[n])), (32)

which will be investigated in Section 4.6.
As before, the initial simulation is the theoretical maximum with polar transmitter,

using (31) as the input signal. Additionally, the simulation is run with both 16QAM
and 256QAM modulation schemes and results are compared. The results are presented
in 4, and visualized in Figs. 28a and 28b.
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Figure 28: Python model EVM simulation with 3GHz carrier frequency, 200MHz
bandwidth (a) 16QAM signal (b) 256QAM signal. Blue values correspond to values
over 1%, red below 1%, yellow below 0.5% and green below 0.25%.

The simulated EVMs are very similar in both modulation schemes with no
major differences, similarly to ACLR. The 5G standard [13] presents different
requirements for EVMs, for example 256QAM signal requires EVM of 3.5%. According
to the simulation results, this could be achieved with 6 amplitude and 6 phase bits.
However, as presented in Section 3, in actual transmitter, nonidealities such as timing
mismatches degrade the EVM.
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A (bits) φ (bits) 16QAM ACLR (dB) 16QAM EVM (%) 256QAM ACLR (dB) 256QAM EVM (%)
6 6 -36.4 1.583 -37.79 1.357
7 6 -41.85 0.812 -42.69 0.733
8 6 -44.01 0.629 -44.36 0.603
9 6 -44.65 0.585 -44.87 0.569
10 6 -44.95 0.563 -45.08 0.554
11 6 -44.96 0.561 -45.09 0.554
12 6 -44.99 0.559 -45.11 0.553
13 6 -44.99 0.559 -45.11 0.553
6 7 -36.77 1.514 -38.64 1.229
7 7 -44.0 0.642 -45.14 0.55
8 7 -48.16 0.39 -49.0 0.359
9 7 -50.44 0.308 -50.75 0.298
10 7 -51.76 0.26 -51.59 0.269
11 7 -51.83 0.257 -51.64 0.268
12 7 -51.93 0.254 -51.71 0.265
13 7 -51.94 0.254 -51.72 0.265
6 8 -36.96 1.491 -38.78 1.204
7 8 -44.57 0.593 -46.0 0.506
8 8 -50.03 0.32 -51.33 0.278
9 8 -53.89 0.217 -54.88 0.194
10 8 -57.37 0.144 -57.59 0.139
11 8 -57.67 0.139 -57.8 0.135
12 8 -58.11 0.133 -58.12 0.131
13 8 -58.15 0.133 -58.14 0.131
6 9 -36.99 1.481 -38.84 1.205
7 9 -44.65 0.593 -46.25 0.493
8 9 -50.55 0.298 -51.97 0.257
9 9 -55.24 0.188 -56.62 0.16
10 9 -61.6 0.093 -62.2 0.089
11 9 -62.37 0.088 -62.84 0.085
12 9 -63.88 0.078 -63.84 0.077
13 9 -64.03 0.077 -63.97 0.076
6 10 -36.99 1.483 -38.83 1.204
7 10 -44.7 0.584 -46.34 0.485
8 10 -50.69 0.296 -52.25 0.248
9 10 -55.75 0.182 -57.38 0.149
10 10 -64.0 0.076 -65.25 0.069
11 10 -65.49 0.069 -66.5 0.064
12 10 -69.31 0.054 -69.68 0.054
13 10 -69.91 0.053 -70.07 0.053
6 11 -37.01 1.48 -38.81 1.204
7 11 -44.74 0.584 -46.32 0.486
8 11 -50.68 0.293 -52.26 0.248
9 11 -55.8 0.18 -57.54 0.148
10 11 -64.85 0.071 -66.43 0.064
11 11 -66.84 0.063 -68.26 0.058
12 11 -73.68 0.047 -74.37 0.047
13 11 -75.42 0.045 -75.74 0.046
6 12 -37.01 1.481 -38.82 1.208
7 12 -44.73 0.586 -46.35 0.483
8 12 -50.7 0.295 -52.31 0.246
9 12 -55.87 0.179 -57.63 0.146
10 12 -65.16 0.07 -66.78 0.062
11 12 -67.23 0.061 -68.81 0.057
12 12 -76.09 0.045 -77.3 0.045
13 12 -79.73 0.043 -80.52 0.044
6 13 -37.0 1.481 -38.82 1.205
7 13 -44.74 0.585 -46.34 0.484
8 13 -50.71 0.294 -52.32 0.246
9 13 -55.85 0.179 -57.61 0.146
10 13 -65.23 0.07 -66.86 0.062
11 13 -67.32 0.061 -68.96 0.057
12 13 -77.0 0.044 -78.48 0.044
13 13 -82.3 0.043 -83.52 0.043

Table 4: Python model simulation results of 200MHz bandwidth, 3GHz carrier
frequency ideal input signal.
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4.6 Square wave LO signal transmitter simulations
An actual polar transmitter on chip implementation utilizes a square wave LO instead
of the ideal cosine simulated in the previous section. Therefore, the following set
of simulations are run with a square wave LO signal using the transmitter model
presented in Section 4.4. The system is verified using the three developed DAC
models: Python model, current-steering DAC and SCPA introduced in Section 3.

The simulations were performed using a 200MHz bandwidth signal with 64QAM
modulation scheme. The carrier frequencies were 1GHz, 4GHz, 7GHz and 10GHz
to test the structure in various frequency ranges. The selected resolutions for the
transmitters were 6 phase bits and 10 amplitude bits. The baseband signal was
interpolated by a factor of 32 before the Cartesian-to-polar conversion.

The phase interpolation factor follows from the (30). With 10GHz carrier fre-
quency and 6 bit phase resolution, in order to perform accurate enough phase
modulation, time resolution of at least 7.8125e-13 seconds is required for the simu-
lations. The interpolation factor of 128 was the smallest power of two factor that
matched this requirement with the baseband interpolation used.

The phase interpolation used is linear, and the amplitude modulation is sample-
and-hold. The timing is matched as presented in 4.4 by delaying the amplitude data
points. Additionally, the 2 additional amplitude steps are introduced as presented
earlier in Fig. 25.

Section 4.6.1 presents the baseline Python model results with the aforementioned
values, Section 4.6.2 presents the the result and comparison for the spice simulated
voltage-controlled current source DAC, current-steering DAC and SCPA are presented
in Sections 4.6.2, 4.6.3 and 4.6.4 respectively.

4.6.1 Python model

The simulated DAC Python model ACLR and EVM results are presented in Fig.
29. The simulation results showcase ACLR of -41.08dB, -43.73dB, -45.33dB and
-45.09dB for 1GHz, 4GHz, 7GHz and 10GHz carrier frequencies respectively. In
the aforementioned frequencies, the simulated EVMs are 1.84%, 1.25%, 1.12% and
1.14%.

A possible reason for the increase in performance with higher LO frequency is
probably caused by the DSP running at higher frequency than the LO leading to
degraded ACLR performance with lower frequencies. This behaviour can be seen in
the time-domain waveforms of the signals in Fig. 30.
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Figure 29: Python model simulation ACLR and EVM with square wave LO with (a)
1GHz, (b) 4GHz, (c) 7GHz, (d) 10GHz carrier frequency.
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Figure 30: Python model time-domain signals with square wave LO with (a) 1GHz,
(b) 4GHz, (c) 7GHz, (d) 10GHz carrier frequency.

As the LO frequency gets higher than the carrier with the 7GHz and 10GHz
simulations, the ACLR is around -45dB and EVM of around 1.14%. The theoretical
ideal values in Section 4.5 show ACLR of about -45dB and EVM of around 0.56%
for the same transmitter resolutions of 10 bit amplitude 6 bit phase. The ACLR
values perform similarly to the ideal non-square wave LO simulations, but the
EVM shows a degradation of nearly 0.6%. The cause of this EVM degradation is
probably due to the difference in the interpolation and the lack of an output matching
network that filters out the square wave harmonics. The ideal non-square wave LO
was interpolated by a higher factor before the Cartesian-to-polar transformation,
resulting in higher sampling frequency of the digital signal effectively resulting in
more accurate amplitude path.

4.6.2 Voltage-controlled current source DAC

In order to first verify that the simulator propagates the values correctly, an ideal
voltage-controlled current source (VCCS) DAC was implemented. The schematic
of the aforementioned structure is presented in Fig. 31. The reasoning for this
implementation was to remove all of the other variables from the simulation to
cleanup the simulation flow. There were various challenges such as rounding errors
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of the signal periods which caused signal frequency dependent EVM degradation.
The VCCS was used to narrow down the possible causes of the simulation challenges
by removing the transistor nonidealities.

VDD

OUT+ OUT−

gmvgs1+ gmvgs1−gmvgs0+ gmvgs0− gmvgsn+ gmvgsn−

Figure 31: Ideal voltage-controlled current source DAC.

The results of the simulations are presented in Fig. 32. The simulated ACLR
values of -41.07dB, -43.7dB, -45.3dB, -45.07dB and EVM values of 1.84%, 1.26%,
1.12% and 1.15% for 1GHz, 4GHz, 7GHz and 10GHz carrier frequencies respectively.
As expected, the simulation results are very close to the Python model, with 0-0.1dB
difference in ACLR values and 0.01% difference in the EVM values. The cause of
the difference could be attributed to the rise times of the current source controlling
voltage signals and slight computational difference between the mathematical model
in Python and the spice circuit simulator. Furthermore, comparing the normalized
time domain waveforms to the Python model show no significant difference as seen
in Fig. 33.
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Figure 32: Ideal voltage controlled current source DAC simulation ACLR and EVM
with square wave LO with (a) 1GHz, (b) 4GHz, (c) 7GHz, (d) 10GHz carrier
frequency.
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Figure 33: Ideal voltage controlled current source DAC time-domain signals with
square wave LO with (a) 1GHz, (b) 4GHz, (c) 7GHz, (d) 10GHz carrier frequency.

4.6.3 Current-steering DAC

As verified in the previous section, the Python model and the signals fed into the
spice simulator match each other. Therefore, the actual developed DAC schematics
can be simulated. This section presents simulations with the current-steering DAC
schematic, introduced in Section 4.3.

The simulated spectrums and EVM are presented in Fig. 34. The ACLR values
for the current-steering were -41.07dB, -43.68dB, -45.24dB and -44.95dB with 1GHz,
4GHz, 7GHz and 10GHz carrier frequencies respectively. The EVM values in the
simulation are 1.84%, 1.26%, 1.13% and 1.17% in the aforementioned frequencies.
The simulated ACLR results show a 0dB up to 0.4dB degradation in performance
when comparing to the ideal voltage controlled current source results. The simulation
shows a degradation of 0.1% to 0.3% degradation in performance when comparing to
the ideal voltage controlled current source results. The performance degradation can
be attributed to the transistor nonlinearities such as varying transistor impedances.
Furthermore, the transistor switching results in spikes and glitches in the time domain
as seen in Fig. 35. The difference in the amplitude levels in the aforementioned figure
is due to the normalization, which normalizes the glitch peaks to the python model
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results. Additionally as shown in Section 4.6.3, the INL and DNL of the circuit was
not ideal unlike in the aforementioned models, which also degrades the EVM and
ACLR performance.
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Figure 34: Current-steering DAC pre-layout simulation ACLR and EVM with square
wave LO with (a) 1GHz, (b) 4GHz, (c) 7GHz, (d) 10GHz carrier frequency.
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Figure 35: Current-steering DAC pre-layout time-domain signals with square wave
LO with (a) 1GHz, (b) 4GHz, (c) 7GHz, (d) 10GHz carrier frequency.

Additionally, the amplitude and phase modulated signal combination is performed
mathematically similarly to the Python model, which is then directly fed to the
switch transistors. In an actual implementation, the current-steering structure as
is would require different way to combine the phase and amplitude paths. This
could be performed with a transistor stack, which would pose a challenge of multiple
transistor stack with very limited supply voltage headroom. Another possibility is
the use of AND gates to perform the multiplication.

4.6.4 Switched-capacitor power amplifier

The SCPA structure takes into account the aforementioned amplitude and phase
modulated LO issue previously mentioned in the current-steering architecture. In
that architecture, the combination is performed mathematically in Python. In the
developed SCPA structure, this combination is executed using an AND gate, which
combines the modulated phase and amplitude information in the unit cells. The
phase information is always a 0 or 1 for all of the AND gates, and the amplitude code
determines how many of the cells are turned on or off. The capacitor in the unit cells,
in turn, filters out the DC offset resulting in the amplitude code dependent voltage
swing. In order to ensure that there was no initial charge in the capacitors, zero
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padding was added in the beginning of the simulated 5G signal. The zero padding
was then removed before plotting the spectrum and calculation of EVM and ACLR.
The zero padding is the cause of the slight delay seen in the spice simulated time
domain signals in Fig. 36.

1.50 1.52 1.54 1.56
Time (s) 1e 7

1.0

0.5

0.0

0.5

1.0

Vo
lta

ge
 (V

)

Python
Spice

(a)

3.75 3.80 3.85 3.90
Time (s) 1e 8

1.0

0.5

0.0

0.5

1.0

Vo
lta

ge
 (V

)

Python
Spice

(b)

2.16 2.18 2.20 2.22 2.24
Time (s) 1e 8

1.0

0.5

0.0

0.5

1.0

Vo
lta

ge
 (V

)

Python
Spice

(c)

1.50 1.52 1.54 1.56
Time (s) 1e 8

1.0

0.5

0.0

0.5

1.0

Vo
lta

ge
 (V

)

Python
Spice

(d)

Figure 36: SCPA pre-layout time-domain signals with square wave LO with (a)
1GHz, (b) 4GHz, (c) 7GHz, (d) 10GHz carrier frequency.

As seen in the time domain signals in Fig. 36, the SCPA simulation does not
show such high glitches related to the changes in signal. This is due to the fact that
the amplitude levels are achieved by charging capacitors, instead of current-steering,
where switches are turned on and off. However, the time domain figure shows a
greater rise and fall time when compared to the current-steering model. This is due
to the AND gate driving a larger capacitor load. This could be minimized by having
a larger AND gate drive strength and capacitance size optimization.

The results of the SCPA simulations are presented in Fig. 37. The simulated
ACLR values were -41.02dB, -43.58dB, -45.11dB and -44.77dB with 1GHz, 4GHz,
7GHz and 10GHz carrier frequencies respectively. The EVM values at the aformen-
tioned frequencies were 1.84%, 1.27%, 1.15% and 1.21%. The simulations show slight
performance degradation of 0.05 to 0.2dB in ACLR and from 0% up to 0.04% in
EVM. The cause of the performance degradation is probably due to the slower rise
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and fall times of the signal. Especially with the 7GHz and 10GHz simulations, where
the number of LO cycles is higher, the speed of rise and fall times play a larger role.
If a phase or amplitude change happens during rise or fall time, this change is not
noticed resulting in degraded ACLR and EVM.
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Figure 37: SCPA pre-layout simulation ACLR and EVM with square wave LO with
(a) 1GHz, (b) 4GHz, (c) 7GHz, (d) 10GHz carrier frequency.
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The simulation results for all of the models show the feasibility wideband signal
transmission with the polar architecture. The simulation results are summarized
in Table 5. The simulated frequency of 200MHz is wider than the widest polar
transmitter bandwidth of 160 MHz demonstrated in previous the literature [5, 6].
Even with the phase resolution of 6 bits and amplitude resolution of 10 bits, the
transmitter would theoretically be capable of adhering to the 5G standard [13]
requirement of -45dB and 3.5% EVM with 7GHz carrier frequency. However, as seen
with even the pre-layout simulations of the current-steering and SCPA, at 10GHz
the -45dB ACLR would require at least 7 bits of effective phase resolution in order to
match the requirement. Additionally, the requirement is barely met with the 7GHz
signal, and therefore at least 7 phase bits would be required.

DAC model Python VCCS Current-steering SCPA
1GHz carrier frequency

Max INL (LSB) N/A N/A 0.0262 0.0023
Max DNL (LSB) N/A N/A 0.0107 0.0006
ACLR (dB) -41.08 -41.07 -41.07 -41.02
EVM (%) 1.84 1.84 1.84 1.84

4GHz carrier frequency
Max INL (LSB) N/A N/A 0.0262 0.0021
Max DNL (LSB) N/A N/A 0.0107 0.0012
ACLR (dB) -43.73 -43.7 -43.68 -43.58
EVM (%) 1.25 1.26 1.26 1.27

7GHz carrier frequency
Max INL (LSB) N/A N/A 0.0344 0.0022
Max DNL (LSB) N/A N/A 0.0107 0.0011
ACLR (dB) -45.33 -45.3 -45.24 -45.11
EVM (%) 1.12 1.12 1.13 1.15

10GHz carrier frequency
Max INL (LSB) N/A N/A 0.0363 0.0044
Max DNL (LSB) N/A N/A 0.0174 0.0042
ACLR (dB) -45.09 -45.07 -44.95 -44.77
EVM (%) 1.14 1.15 1.17 1.21

Table 5: Polar transmitter simulation results of 200MHz bandwidth signal at different
carrier frequencies with different implemented DAC models.

Additionally, the simulations were performed using a Python model and the
spice simulations were pre-layout. Running the post-layout simulations for the DAC
models would degrade the performance, as nonidealities such as parastic capacitances
of the circuit would be introduced. Additionally, the timing of the circuit is ideal in
the simulations, and the phase modulated LO signal may have non-symmetries in
rise and fall time that could further affect the performance. For example, the widest
bandwidth implementation in the literature uses 12 bit phase and 10 bit amplitude
resolution [5]. The implementation is able to achieve bandwidth of 160MHz with
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-45dB ACLR and -35dB EVM, which is approximately 1.78%.
As discussed in Section 2.2, the bandwidth expansion of the Cartesian-to-polar

conversion poses challenges especially to the phase modulator, as the signal bandwidth
is wider than the baseband signal. Therefore, the accuracy of the phase modulator
time resolution and accuracy play a more important role in polar transmitters,
especially with wideband signals.

4.7 The most important findings
The objective of the simulations in this section was to showcase the theoretical
feasibility of the polar transmitter architecture for wideband signal transmission.
The simulations used a 200 MHz bandwidth signal, wider than in polar transmitter
implementations in previous literature [5, 6]. The simulations were performed using a
developed polar transmitter TheSyDeKick Python model, and the results were verified
with three different implemented DAC models: Python, current-steering DAC and
SCPA. The current-steering DAC and SCPA were implemented programmatically
as schematic generators using BAG. The simulations found that in the case of
linear interpolation of the phase path, and sample-and-hold amplitude interpolation,
the performance can be improved by delaying the phase timing to midpoint of the
amplitude transitions. The effect could be further improved by introducing amplitude
steps. The combination of the relative timing enchancement and two amplitude steps
showcased a ACLR and EVM improvement of nearly -20dB and 1.6%, respectively
in the Python model simulations with 10 bit amplitude and 11 bit phase resolution.
Therefore, the results suggest that the relative timing could be a way to enhance
polar transmitter performance.

Additionally, the simulations with ideal non-square wave LO signal present reso-
lutions required to theoretically match communications signal standard requirements.
However, even with ideal timing and Python model simulations, the square wave
LO simulations suggested the performance may degrade as the simulations showed
up to -4 dB ACLR degradation depending on the frequency when compared to the
ideal non-square wave results. The difference can be attributed to the different
interpolation methodology, and possible harmonics or images appearing near the
carrier frequency. Therefore, the target design resolutions should be higher than
required in the theoretical ideal simulations. Furthermore, as the timing mismatch of
the amplitude and phase path degrades the ACLR and EVM as discussed in Section
2, as well as the actual DAC may have a lower ENOB as discussed in 3.5, which were
not taken into account in the simulations.

In addition to a possibly lower ENOB, the pre-layout simulations with the current-
steering DAC and SCPA showed a slight performance degradation in ACLR and
EVM up to 0.3 dB and 0.04%, respectively, when compared to the Python model
results. The difference in the results could be explained by different rise- and fall time
characteristics and biasing of the schematics. However, as the difference is not very
significant, the results should be further verified with more simulations. For example,
the simulated SCPA load does not have a resistive element, which would discharge
the capacitors. Additionally, future work should involve the layout implementation
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of the DAC and post-layout simulation and comparison of the results.
The testbench implemented in this work for the DAC allows for characterization

of any DAC architecture in both pre- and post-layout simulations. Furthermore,
such whole transmitter chain simulations with a spice pre-layout model had not been
previously done using TheSyDeKick, and part of the work in this thesis was to debug
the spice simulation interface to accommodate for this. The implemented model and
improvements in the interface allow for simulation of the whole transmitter model
with post-layout DAC model. Additionally, the polar transmitter model allows for
spice model implementations in future work for other blocks, such as interpolation
and phase modulator.

The simulations showcased the theoretical wideband feasibility of the polar
transmitter architecture. The simulation results and literature survey suggest that
the phase modulator may be the performance bottleneck in wideband implementations,
due to the bandwidth expansion of the Cartesian-to-polar conversion as discussed in
2.2.
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5 Conclusion
The ongoing deployment of 5G systems has led to an increased demand for highly
integrated transmitter solutions. As many of these transmitters are in mobile
battery powered devices, power consumption is a key figure of merit in the designs.
This, alongside the CMOS process evolution, benefit the digital polar transmitter
architecture, which utilizes digitally intensive phase modulation and switched-mode
power amplifiers. However, the potential advantages of the polar architecture have
not yet been fully realized, as many of the state-of-the-art polar transmitters have
suffered from a limited bandwidth. The aim of this thesis was to investigate the
feasibility of the architecture for wideband signal transmission, focusing on the
digital-to-analog conversion.

The objective of this thesis was to evaluate the feasibility of wideband signal
transmission using polar transmitters focusing especially to the digital-to-analog
conversion. In order to evaluate the feasibility, the thesis reviewed the state-of-the-art
implementations focusing on the wideband applications. The literature survey first
compared the polar architecture with the most common alternatives with comparison
of the advantages, disadvantages and challenge points. As the power amplifier is
the most significant power consumer in the RF transmitters, the most commonly
used digital-to-analog converter topologies in polar transmitters were compared. In
order to evaluate the performance, the DAC performance metrics were introduced.
The switched-capacitor and digital current-mode architecture were found to be most
promising of the architectures, and the switched capacitor architecture was chosen
for further analysis due to the outstanding performance of the architecture in the
state-of-the-art. In addition, the performance was compared with a more traditional
choice of RFDAC, the current-steering architecture.

In addition to the literature review, a polar transmitter Python model was
implemented in order to verify the ability of wideband signal transmission. The
model was implemented using TheSyDeKick design and verification platform, and
it included interpolation, signal component separation, phase modulation, timing
matching and three different models for the DAC. The implemented DAC models
were Python model, current-steering DAC and SCPA. The current-steering DAC
and SCPA schematics were implemented programmatically as fully parametrized
schematic generators using BAG. The use of BAG allowed for rapid iteration of
parameters such as resolutions. The functionality of the current-steering DAC and
SCPA were verified using pre-layout linearity simulations.

In order to test the whole aforementioned transmitter model, a simulation test-
bench was developed for the polar transmitter model. The simulations included
a simulation of resolutions required to match performance specifications in ideal
case with non-square wave LO signal. The actual performance was then verified
and compared with a more realistic square wave LO simulation set using the three
different implemented DAC core models. The main figures of merit analyzed were
error vector magnitude and adjacent channel leakage ratio.

The simulation of the transmitter model showcased that when using linear inter-
polation of the phase path, aligning the amplitude and phase path by delaying to the
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midpoint between amplitude transitions results in better transmitter performance.
In addition to the timing alignment, introducing additional amplitude steps in order
to minimize the error between the two paths further improves the performance.

The 5G signal transmission simulations were carried out using a wideband 200MHz
signal. The bandwidth is wider than any of the polar transmitters in the current
state-of-the-art. The capability of such wideband signal transmission was first
investigated by simulations of the ideal non-square wave LO. The 5G signal standard
requirements of -45dB ACLR and 3.5% EVM [13] could theoretically be achieved with
8 bit amplitude and 7 bit phase resolution. Running whole transmitter simulations
with a 200MHz bandwidth square wave LO signal, the simulation results demonstrate
ability to match the aforementioned standards theoretically even with lower phase
resolution of 6 bits and higher amplitude resolution of 10 bits. However, the pre-
layout simulations of different DAC models suggested that at least 7 bits of phase
resolution should be used in order to achieve the -45dB ACLR requirement.

To achive the objective of the work, the feasibility was evaluated by an imple-
mented polar transmitter model and simulating the model with wideband 5G signals.
The simulated bandwidth of 200MHz was wider than the widest bandwidth of 160MHz
presented in implementations used in the previous literature [5, 6]. Additionally, a
simulation goal was to find out a method to optimize the performance by path timing
improvement. The results presented the potential of wideband signal transmission
with the polar architecture. The results were verified with different DAC models and
carrier frequencies. Furthermore, the performance could be enhanced by delaying the
phase path and adding amplitude steps to minimize the error between the linearly
interpolated phase and sample-and-hold amplitude path.

The simulated DAC models were a mathematical Python model or a pre-layout
circuit. Future effort could be to run the same simulation set in post-layout. Addition-
ally, the thesis found that the more limiting factor in wideband signal transmission
with the architecture is the phase modulator, as the signal component separation
results in significantly wider bandwidth amplitude and phase path signals posing chal-
lenges to the phase modulator. Additionally, the developed models does not take into
account any timing mismatches that may occur in actual transmitter implementations.
The implemented testbench allows for characterization and simulation of a whole
polar transmitter, even in post-layout mode for all of the blocks. Implementation of
the DAC in post-layout let alone the whole polar transmitter is left for future work
as it is out of scope for this research.
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