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Abstract

This work presents the complete process, from design to testing, of an CMOS frequency
divider. The divider is based on DSTC (Dynamic Single-Transistor Clock) topology and
aimed to work with input frequencies of at least 2 GHz and presenting low output phase-
noise. The circuit is integrated in a full transceiver and fabricated in TSMC 65 nm CMOS
RF-MS technology. The complete divider block is comprised of two divider cores and
buffers occupying an area of 132.72um x 58.79um in total, with the divider core itself
being 30.92pm x 46.94um.

Design cycle issues, for example, tool licensing problems, rendered it impossible to obtain
the circuit parasitic extraction. These resulted in a fabricated circuit that requires an
over-voltage to operate accordingly to its original specification. The circuit characterization
is made through indirect measures since the divider outputs are not available for probing.
For the circuit input, an external signal generator with well-known characteristics is utilized

to generate the signals.

Considering the over-voltage condition the circuit shows an input frequency range greater
than 2 GHz and a phase-noise of —135 dBc/HZ at 1 MHz offset frequency. In this condition,
the results proved to be within the expected behavior and thus, the proposed circuit is

considered functional.

Keywords: Frequency divider; DSTC; Integrated circuits.



Resumo

Este trabalho apresenta o processo completo de desenvolvimento de um divisor de frequéncia
CMOS, do projeto aos testes de caracterizacao. O divisor é baseado na topologia DSTC e
tem como objetivo trabalhar com frequéncias de entrada de pelo menos 2 GHz e apresentar
um baixo ruido de fase de saida. O circuito é integrado em um transceptor completo e
fabricado na tecnologia TSMC 65 nm CMOS RF-MS. O bloco completo é composto por
dois divisores e buffers de saida ocupando uma area total de 132.72um x 58.79um, sendo

que cada divisor individualmente ocupa 30.92um x 46.94pm.

Dificuldades durante o fluxo de projeto, como por exemplo problemas com licengas para
ferramentas, tornou impossivel realizar a extracao de parasitas. Isso resultou em um
circuito fabricado que requer sobretensao para operar de acordo com suas especificacoes
originais. A caracterizacao do circuito ¢ feita através de medidas indiretas, uma vez que
as saidas do divisor nao estao disponiveis para acesso com probes. Um gerador de sinal
externo, com caracteristicas conhecidas, é utilizado para gerar os sinais de referéncia para

as entradas do circuito.

Considerando a condicao de sobretensao, o circuito mostra uma faixa de frequéncia de
entrada maior que 2 GHz e um ruido de fase de —135 dBc/HZ em um offset de frequéncia
de 1 MHz. Nessa condicao, os resultados se mostram dentro da performance esperada,

validando portanto que o circuito é funcional.

Palavras-chave: Divisor de frequéncia, DSTC, Circuitos integrados.
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1 Introduction

This dissertation is dived in four chapters where the process of design and
measurement of a Radio Frequency (RF) frequency divider is presented and discussed.
Chapter 1, Introduction, presents an overview on communication systems as well on
application and functionality of the proposed circuit and the bibliographic revision. In
Chapter 2, Circuit Specification and Design, it is presented the proposed circuit design
and simulation results to demonstrate circuit functionality and expected performance. In
Chapter 3 the utilized test procedure and equipment as well as results from fabricated
circuit measurements are presented. Finally, Conclusion summarizes the obtained results

from this work and propose possible future work.

1.1 Communication system overview

Any system, from simple devices such as remote controllers to complex struc-

tures such as satellite communication systems relies on wireless data transmission.

Although vastly different one from another, from an end user point of view,
communications systems can usually be described by a conceptual model known as Open
System Interconnection (OSI) model. This model is used to describe a communication
system independently of its actual implementation and hardware and relies on a layered
structure with interconnection between subsequent layers. The reference structure as defined
in [1] comprises of seven layers named from top to bottom as Application, Presentation,
Session, Transport, Network, Data Link, and Physical and is shown in Figure 1.1.

Open Open
Svstem Peer Protocol gystem

Application
Presentation
Session
Transport
Network
Data Link
Physical

2N~ |lOO N

—h

L Physical media for OSI

Figure 1.1 — Reference seven layer structure from OSI model (Adapted from [1]).
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Each layer is responsible to perform a function as to when all combined create
a system that is capable of interoperability with other systems. A brief description of each

layer function is as follows.

e 7 - Application: this layer, being the topmost one, is responsible to provide
protocols and data to software applications that in turn, the end-user interacts with.
The software itself is not part of the Application layer but relies on it to establish
communication. Examples of protocols utilized in this layer are Hypertext Transfer
Protocol (HTTP) and Simple Mail Transfer Protocol (SMTP) while software that

interacts with this layer would be any web browser.

e 6 - Presentation: this layer is responsible mainly to prepare the data to the Appli-
cation Layer employing encryption, compression, and translation. The compression
process is used to improve the communication speed by reducing the amount of
data that is transferred between layers 7 and 5. Translation is responsible to make
data intelligible between two devices that may be using different encoding methods
and thus passing data that is coherent to the Application layer. Finally, if the
connection between the devices is encrypted this layer also implements the process

of decryption/encryption before passing the data to the next layer.

e 5 - Session: this is the layer that establishes, manages, and closes the communication
between devices. This process involves, for example, to determine how long a device
should wait for a response when trying to communicate with another and how long

a connection should last to ensure that all data is transmitted.

e 4 - Transport: this layer is responsible to control the data flow between the devices,
such as to define data rate appropriate for a given connection, where to send the
data, and how much data is being transmitted. In this layer, on the transmitter
side, data is broken into blocks designated as segments. On the receiver side, the
transport layer reassembles the segments before passing to the next layer. Transport
layer is also responsible to determine if the data was successfully transmitted and

re-transmits it if any error is found.

e 3 - Network: this layer simplify the data between different networks. In the
transmitter, the segments data from layer four are further broken down into smaller
chunks known as packets. In the receiver, an analogous process occurs where the
packets are reassembled into segments. The network layer provides the address

between devices to allow identification and routing for data transmitting.

e 2 - Data Link: similarly to what the Network layer does for devices in different
networks the Data Link layer acts when the devices are on the same network. This

layer takes the packets from the previous layers and further breaks them down into
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smaller sections called frames. This layer also handles flow and error control for

communications in the same network.

e 1 - Physical: finally this layer includes the actual physical equipment which handles
the data transfer. The physical layer is also the one responsible to convert the data

into a bitstream.

When implementing a system based on this model, in general, layers seven to
four are implemented through software/programming while the other layers (three to one)
are implemented on hardware. The IEEE802.15.4g specification [2]|, which is the scope
where this work is inserted into, addresses two of seven layers of the OSI model. The media
access control (MAC), which relates to the Data Link layer, and the Physical (PHY) which
relates to the one with the same name in the OSI model and in which this work is included.
Most of the IEEE802.15.4g documentation refers to the specification of structures needed
for data processing to create a compliant signal with the standard which are implemented

using digital blocks which when combined creates the modulator and the demodulator.

Figure 1.2 shows the proposed reference modulator that should be implemented
for this standard. In this reference modulator it is possible to note that the output signal
is noted as "RF". This signal is the one that should go trough analog circuitry to then
be transmitted at an certain frequency. An analogous process happens when receiving
data. The standard specification just defines certain performance parameter that the
analog transmitter and receiver should comply such as output minimum output power,
receiver sensitivity, frequency deviation, and spectral mask but does not defines a specific
architecture to be used in the analog circuitry and thus leaving to the system designer to

define what to use.

Controlled by Controlled by
phyFSKFEC phyScramblePSDU

I Forward error | Data
Binary _/_| correction PSDY_ whitening| | |S
{PSDU,PHR} coding block 4 block s
(16.1.2.4) (16.1.3) Q
PHR s
(=
SHR generation 8

oC|
(16.1.1.2)

—

Bit-to-symbol mapping| (Filtered FSK modulation
block ) block Modulated,, o

: F
(16.1.2.2) (16.1.2) Signal

Figure 1.2 — Reference Frequency shift keying (FSK) modulator. (Adapted from [2].)
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1.1.1 Transceiver Architectures

The Radio Frequency (RF) transceiver is composed by the junction of the
transmission and the reception system which does the linking between the digital modem
and the radio frequency signals. Although several options on how to implement the
transceiver exists the target objective is always the same. In the transmission path, the
signal coming from the baseband modem is converted from digital to an analog waveform
that is then up-converted to the desired RF frequency and amplified by a power amplifier
(PA). The opposite process happens for the reception path. The RF signal coming from
the antenna goes through a low-noise amplifier (LNA) and frequency down-conversion
before converting from analog to digital domain and be to the baseband modem. Figure
1.3 shows a generic transceiver architecture. It is possible to observe in the figure that
the Local Oscillator (LO) is not in the direct path of the received/transmitted signal but
provides signal for both and thus any degradation in this block impacts the system as a

whole.

m P Down-Converter |———jptAnalog-to-Digital gy
/ X Converter
Antenna
E Local
Duplexer Oscillator

S0Q0Z QSVTOVMm

Up-Comvertr [ " Gomaror - 1%

Figure 1.3 — Generic simplified transceiver architecture.

The project in which this work is inserted into utilizes for the receptor path a
superheterodyne, also called Low-IF, receiver and the transmitter is based on a IQ-Sharing
[3] transmitter. The diagram for both are presented in Figures 1.4a and 1.4b. In both
signal paths it is observed that the LO should provide differential signals in-phase (LO 0°
and LO 180°) as well quadrature (LO 90° and LO 270°) and thus adequate LO topology

should be used to provide these signals.

It is possible to observe that, in both transmitter and receiver paths, differential
signals are used. This choice is made since, although there is an increase in area, it is
known that differential signaling is more resistant to electromagnetic interference, minimizes

cross-talk, and inherently cancels even order harmonics.
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BB Amplifier || ADC —J’—ODIGITAL_OUT_BB_I
LNA_IN_P

LNA_IN_N

BB Amplifier | ADC —J‘—ODIGITAL_OUT_BB_Q

(a) RF receiver Low-IF topology.

Sample Rate
DIGITAL_IN_BB_I—— converter (SRC)

LO 0%—
LO 90—

Switched Capacito RF_OUT P

Lo 180———— Power Amplifier RF_OUT_N
LO 270—— (SCPA)
Sample Rate
DIGITAL_IN_BB_Q—onverter (SRC)

(b) RF transmitter IQ-Sharing topology.

Figure 1.4 — Topology used in the transceiver.

1.1.2 Local Oscillator

The common choice to implement the LO is to use an Phase-Locked Loop (PLL).
This circuit consist in a closed-loop system which by using a stable low frequency reference
signal, usually provided by crystal oscillators, controls an higher frequency oscillator.
The fundamental blocks of this circuit, as shown in Figure 1.5, are the phase detector,
low-pass filter, voltage controlled oscillator (VCO), and loop divider. The phase detector
is responsible to detect the difference between the reference signal and the feedback signal
and create a control signal that indicates if the oscillator frequency should go up or down.
The low pass filter is used to reject spurious high-frequency tones as well noise from the
control voltage and create a smooth control voltage to ensure stable operation and control
of the oscillator. The loop divider takes the high frequency oscillator output and divides it
back in a ratio that should make it equal to the reference frequency. Controlling the ratio of
the divider is used to choose the system output frequency. At last, the oscillator is the one
actually responsible to create the high frequency signal which can be implemented using

several different topologies that can grouped into two general categories: ring oscillators
(RO) and LC-oscillators.



CHAPTER 1. INTRODUCTION 21
Reference Phase Low-Pass Output
Frequency Detector _’I Filter _’I veo FPequency

00op
Divider

Figure 1.5 — Generic PLL Configuration.

Considering that quadrature outputs are required, some options are possible
to obtain it. One is to use an direct frequency synthesis, in which the oscillator works at
the system frequency and create the quadrature outputs by either coupling two identical
oscillators operating at 90° phase difference or by using just one oscillator and passing its
output through RC networks to create the desired phase difference. Another method is
to use an oscillator working at double the system frequency and then passing its output
signal trough a divide-by-two circuit. The use of a direct frequency synthesis approach
rises a concern with an effect known as LO-pulling. As described in literature ([4]; [5]),
this phenomena consists in the coupling of the high power modulated signal from the PA
coupling back to the VCO and causing a corruption, adding noise, and even deviating the
operating frequency, thus in a system which is has a power amplifier this option is not
advised. The use of RC networks are also not feasible due to the required area, thus the

decision is to use the synthesize the signal at double the frequency.

The frequency divider that is used in to create the quadrature outputs should
then follow severe specifications to try keeping the signal from the VCO as intact as
possible keeping a clean spectrum and low noise. Also, the same divider can be used on
the PLL loop divider block since usually the digital implementation used in these circuits
cannot operate at the frequency provided in the VCO output and thus analog dividers are

used to handle the initial divisions.
1.2 Motivation and Objective

Given that a frequency divider is almost certain to be present on a transceiver,
be it on a PLL loop divider or to generate the system working frequency and quadrature
signals, this circuit is an important building block inside the system. Literature ([6], [7],
[8]) addresses different concerns regarding this kind of circuit and how to implement it to
optimize the divider performance be it related to operating operating frequency range, area,
power consumption, noise or the circuit implementation complexity. Given the various
possible manners in which to implement an frequency divider this work intends to find a
topology that fulfils the requirements imposed by the system specification derived from
the IEEES802.15.4g in which it is to be present. The proposed frequency divider circuit is
then designed, fabricated and characterized to check its performance and compare to the

expected requirements.
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1.3 Bibliography Review

There are currently several different ways to implement frequency dividers
available in the literature, ranging from simple and well-known topology such as digital
implementation using logic gates, to more complex topology such as Injection-Locked
Frequency Dividers (ILFD) which relies on harmonics generation and filtering. In this

dissertation, the following topologies are selected for discussion.

e Injection-Locked Frequency Divider (ILFD)
e Digital Dividers

— Current Mode Logic (CML)
— True Single-Phase Clock (TSPC)

1.3.1 Injection-Locked Frequency Divider (ILFD)

This kind of topology is able to achieve high-frequency operation while keeping
a considerably low consumption and thus becoming a popular topic for the development
of dividers suitable for applications such as radars [9] and even emerging 5G [10]. This
topology, in which the most simple implementation is presented in Figure 1.6 consists of
an oscillator which, instead of working at its resonant or free-running frequency, will be
working locked at a sub-harmonic of the injected signal (Vins) to be divided. The working
principle of this circuit is the following. If the gate signal (Viny) of transistor M3 is just a
DC signal, the circuit will be working in its free-running mode. Transistor M3 will act as a
fixed current source for both transistors M1 and M2. In nodes Voyrtp and Voyry it will be
present a signal at the resonant frequency wy = 1/v/L x C, in node V,, there will appear
a signal at 2 times the output frequency due to contribution of both current branches. If
we were now to superimpose an AC signal with frequency w; to the Viy; the node Vy;
will be forced to oscillate at the same w; frequency which will in turn cause transistors M1
and M2 to act as mixers due to the switching of the drain current injected by M3. At the
output, it will be observed all the even harmonics starting from the first sub-harmonic of
wi. The LC tank circuit then filters the higher-order harmonics leaving only the desired
w1 /2 component. A more in-depth approach to ILFD circuits modeling can be found in
[11] and [12]. Since in this work the proposed circuit is required to provide quadrature
outputs, in Figure 1.7 is presented one of the most common approach to couple two of

such dividers in a way that quadrature outputs are generated.

It is possible to observe that this topology presents two concerns, one is the
occupied silicon area since it is necessary to have an inductor in the circuit. The other
problem is the so-called locking range, which is the range of input frequency that the

divider is able to operate, This concern arises from the fact that since this divider is based
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Figure 1.6 — ILFD circuit diagram.

on an oscillator the locking range will be usually restricted to a close range of resonant
frequency wp. There are several works such as [10] and [8] which addresses methods of

extending the locking range of the circuit at cost of complexity.

L
+ Q-

LRI}

VINJF’ M3 VINJN M8

Figure 1.7 — Quadrature ILFD circuit diagram.

1.3.2 Digital Dividers

Another method of implementing a frequency divider is to explore more common
digital implementations such as a divide-by-two block using flip-flops connected in negative
feedback as presented in Figure 1.8. The main factor that will limit operation frequency in
this kind of topology is the way in which the individual flip-flop is implemented. Among
several topologies found in the literature, two options stand out due to their high operation
frequency capability. Following are presented the ones that comply with the requirements

in this work.
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2LO > CLK > CLK

2LO

Figure 1.8 — Top level divide by two using two latches.

1.3.2.1 Current Mode Logic (CML)

CML logic consists in a differential logic family where in order to achieve
high-speed operation instead of switching voltage, current signals are switched to create
the desired output. The output voltage created by this current switching usually has a
smaller amplitude to allow faster switching times. The most common CML latch topology
is presented in Figure 1.9, where only one load is shared between both tracking and hold
stages, and the load type is a passive resistor. Although there is the possibility to also use
inductors instead of resistors this option is not considered due to the area penalty that it

implies.

vdd

Tracking
lIBIAS tage

Figure 1.9 — CML logic flip-flop circuit.

The operation of this circuit is as follows: whenever signal CLKT is high and
CLKB is low, the latch tracking stage is active meaning that depending on the value of
the differential input signal Vp — Vppg, the bias current (Ipras) will flow through only
transistor M1, or M1g. In turn, whenever signal CLKT is low and CLKB is high, the
hold stage will be active and is responsible for holding the previous state voltage by
means of switching the differential pair composed by M2, and M2g. As stated before this

circuit allows high-speed operation through current switching and smaller voltage output
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amplitude given by Equation 1.1.

1 I
BIAS] _ p.1p1as

Vour = Voury., — Vour,,,, = VDD — |VDD — R - 5

(1.1)

The switching speed of this circuit is directly associated with the capacitance
present in node Voyr. and Vours, thus it is possible to show that the minimum required
current for a given speed and load requirement is as given in Equation 1.2. Where AV is
the minimum amplitude for switching on a transistor in the technology, Csp and Cpp
are the MOS transistor capacitance, Cp g is the parasitic capacitance, At is the required
transition time from high to low logic level, usually expressed as a percent of the waveform
period, and (C}) is the capacitance of the circuit which is being driven by the CML

divider.

AV
Igras = (CL+Cep+ Cpp + Cpag) - AL (1.2)

In literature, examples of inductorless high-frequency CML dividers such as
[13], [14], demonstrates that this topology is able to achieve high-frequency operation while
still presenting a high locking range. In both works, the presented power consumption is
low, being 6.6 mW the highest reported. This is due that only the divider core circuit is

taken into consideration and the needed buffers to drive the desired load is not presented.

1.3.2.2  True Single-Phase Clock Dividers (TSPC)

The TSPC concept was first proposed in [15] as a method of creating dynamic
logic which requires, as stated by its name, only a single phase of the clock signal to
operate. This principle was further extended in [16], in which the TSPC basic stages shown

in Figure 1.10 are utilized to create improved both single-ended and differential flip-flops.

P L I —
| our 5=
MEOUT - -y oy
— N |our
B R I
oP PN sp SN

Figure 1.10 — TSPC basic building blocs. (Adapted from[16].)
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This topology advantage resides in being a dynamic logic structure which
reflects in low power consumption. Initially, this topology was limited to relatively low
frequencies compared to the ones desired in this work but with CMOS technology scaling,
and consequently transistor’s maximum operation frequency f; increase. It was later shown
in [6] that the TSPC logic family could achieve operating frequencies above 15 GHz in a
65 nm CMOS technology. The main concern for this topology is that in this work it is
required full differential outputs while operating in frequencies above 1 GHz, and since
TSPC structures are mainly used in digital circuits where differential signal are not always
required, examples of high-speed operation with differential configuration as shown in
[16] such as the one in Figure 1.11 are quite scarce. The most recent publication found
regarding this topology is [7]. In this paper, according to Table 1.1, when looking at the
propagation delay parameter of DSTC flipflops using either 180 nm or 90 nm technology,
the maximum operating frequency is far below the desired. This is respectively shown in

Equations 1.3 and 1.4. In both equations setup time (Ts) is ignored.

= Ewﬂ
N FE | 17

.

Vdd
1

Figure 1.11 — Dynamic differential flip-flop. (Adapted from [16].)

1 1

F pr— pu—
T T, 2321070

— 431 MHz (1.3)

1

F pr— pu—
e T, 1.81-107°

=552 MHz (1.4)

A different approach for a TSPC divider is found in [17]. In this case, the
proposed circuit presents true differential outputs created from a single input as shown in
Figure 1.12. This topology uses two conventional single-ended TSPC dividers coupled by
a resistor (Rc). The coupling of the output of one divider (node OUT™) to the first stage
of the second divider (node X°) enforces an out of phase operation in this node which
in turn propagates to the output creating the differential output. As stated in [17], the

value of the coupling resistor should be carefully chosen to ensure that the pull-up and
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Table 1.1 — Performance Parameters Table ( Adapted from [7].)

Width Length Avg.
N° of of of Power
Transistors NMOS PMOS Comm

Prop  Prop. Delay

Design Style Delay Product

(um)  (ym) (Watts) (n/sec) (w/sec)
D Flip Flop
using GDI 18 64 17 249%x107° 265 6.59 x 10~
using 180nm
D Flip Flop
using GDI 18 .64 1.7 1.72x107° 179 3.07x 107
using 900nm
DSTC using 12 64 17 191x10% 232 443 %1071
180nm
DSTC using 12 64 17 123x10°% 181 2922x10°1
90nm

pull-down of node X~ will be done in time before either the input signal IN or the signal
OUT™ changes and is defined by Equations 1.5 and 1.6.

lzon - L
VDD .t |y 2MRon/[Ront RN | > (Vi + Vi 1.5
2R,, + Rc [ ¢ } (Vo % (%)

R.+ 2R,, — z
DD.22f =" 11 2[2Ron//(2Ron+Rc)ICp | < (V/ —+ ‘/sa 1.6
‘/ ) 1 o |: e :| ( th t) ( )

In these equations Ry, represents the channel resistance of transistor connected to node

X" and T is the period of the input signal.

This work ([17]) presents promising results since its operating input frequency
range goes from 600 MHz to 5 GHz while keeping a small area in an 0.18um. The only
downside of this implementation is the use of a resistor and some of the other parameter
performances such as phase error that limit the direct use of this topology as it will be

later explained in Chapter 2.
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Figure 1.12 — Differential Single input TSPC divider. (Adapted from [17].)

1.4 Conclusion

After investigating the reviewed bibliography we are now required to set for
one of the presented topologies to design the desired quadrature divider. In table 1.2
relevant design points and performance parameters of the discussed topology references

are summarized.

Table 1.2 — Topology summary

Topology  Operating Frequency Power Area Technology
ILFD [9] 23.03 ~ 24.24 48 NA 65nm
ILED [10] 19.3 ~ 234 1.51 0.23 0.13pum
CML [14] 25 ~ 102 2.81 ~ 5.64 0.000635 28nm
CML [13] 12.5 ~ 32 6.6 0.000255 22nm

TSPC [17] 0.6 ~5 7~ 12 0.0344  0.18um
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ILFD at first glance may seem to be the best choice since it can achieve high-
speed operation while keeping low power dissipation but when considering the need for
inductors in the circuit it poses a problem to use this topology since a limited area is

available for this project.

When examining the CML implementation, as stated before, current consump-
tion is the main concern. Utilizing Equation 1.2 and plugging in values compatible with
the set design technology and required parameters latter explained in Chapter 2 for this
project such as 400 mV for AV as the minimum voltage to turn on an NMOS transistor,
a load capacitance of 300 fF and a transition time of 50 ps a current of 2.4 mA would be
required for the tracking stage. Since usually the current for tracking and hold stages are
the same this makes the total current consumption 4.8 mA that in turn, for a 1.2 V power
supply, corresponds to 5.76 mW for a single CML DFF, thus a quadrature divider, which
requires two DFFs would draw 11.52 mW from the power supply. Furthermore, an extra
circuit would be needed to convert from CML to CMOS voltage levels to allow coupling
between the frequency divider and the rest of the system and thus adding to the power

consumption.

Although when comparing the consumption of TSPC circuits to CML presented
in Table 1.2 the TSPC topology seems to be at a disadvantage. But it is to note the fact
that the TSPC circuit was fabricated in an older technology and also that, as previously
stated, the power reported for the CML circuits is only for the divider core and not
take into account the driving circuits for the load. Thus to properly compare the power
consumption results data for TSPC topology from [6] is shown in Table 1.3 as an excerpt
from the original table present in the paper. When using the highest power consumption
of 0.022 mW /GHz and considering an input frequency of 1.8 GHz the total power for a
divider is 39.6 4W. Since this structure is a dynamic circuit and power will mainly depend
on the existing nodes capacitance, it’s expected that the power for a TSPC divider will
increase since the desired load capacitance to be driven is 300 fF, but it is expected to
be significantly lower than a CML counterpart and thus being the choice for designing a

differential frequency divider.

Table 1.3 — Performance Parameters Table Excerpt. (Adapted from [6])

Fixed Divide-By-2
finmaz|GHz]  Power[mW /GHz|

Design  Technology

RE-1 65 nm LP 15 0.020
RE-2 65 nm LP 19 0.017
RE-3 65 nm LP 18 0.020

RE-4 65 nm LP 21 0.022
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2 Circuit Specification and Design

In this chapter, at first, is presented the system of which the circuit is part.
Next is shown the desired performance metrics and the impact on the overall system. The
proposed circuit design is then presented and discussed concerning the design points that
are most relevant to the desired metrics. Lastly, the testbench overview and simulation

results are presented and discussed.

2.1 Architecture Overview

The frequency divider in this project is to be designed as part of a larger
project that contemplates an ITEEE802.15.4g compliant transceiver. The block diagram
is shown in Figure 2.1. As can be seen in this diagram, the frequency divider is the last
block in the Local Oscillator (LO) signal generation chain. The divider is responsible
for providing signals to three different structures, the baseband modem digital front-end,
the receive mixer, and the transmitter structure. The transmitter is composed of the
RF Digital-to-Analog Converter (RFDAC), which operates directly at the transmitter

frequency, and the switched capacitor amplifier.

The frequency divider signals required for the RF transmitter are four, which
work at the desired transmission frequency and should have a 90° phase lag between one
another. These signals, usually called quadrature signals, will be generated by frequency
division from the Phase-Locked Loop (PLL) differential output signal. These same signals
are also required for the mixer on the receiver side to perform the RF signal down
conversion. The signals for the baseband modem digital front-end are simply a further
division from the RF frequency. These signals are needed by the digital circuits responsible

for up-sample the baseband signals to the required sample rate of the RFDAC.

When looking at the requirements for the divider signal from these three
different blocks, it is noted that the transmitter has the most stringent parameters, and

thus, it is the block that determines the performance metrics to be achieved by the divider.

2.2 Performance Specification

The main specifications for a frequency divider are related to the frequency
range in which it can operate, and how precise the frequency division is performed. Since
this work is related to an integrated circuit, concerns related to circuit area and power

consumption also exist. Below each design specification is presented and discussed.
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Figure 2.1 — Top level block diagram for the complete IEEE802.15.4g compliant system.

2.2.1 Input Frequency Range

This is the first and most basic specification of a frequency divider and comes
from the system in which it is integrated. In this project, the circuit should be compliant
with the following IEEE802.15.4g PHY’s: 450 MHz, 863 MHz, 896 MHz, 901 MHz,
915 MHz, 928 MHz as defined in Table 66 presented in [2]. The highest frequency specified
in the 928 MHz PHY is 960 MHz. Thus the highest input frequency that the divider
should operate is at least 1.92 GHz. For simplicity, it is considered that the mandatory
input frequency range specification is 2 GHz. Considering that IEEE802.15.4g also defines
operating frequencies in the 1427 MHz and 2450 MHz range, it is desired but not mandatory

to achieve an input frequency of 5 GHz as a secondary goal.

2.2.2 Phase Error

A second specification for the frequency divider is the capability of keeping
the signals with ideal phase alignment. The baseband signal that will be fed into the
transmitter has an IQ modulation Thus the LO should also provide quadrature signals
with 90° phase difference between them in the up-conversion process. This requirement is
important since perfect phase alignment in the LO signal suppresses signal image in the
negative spectrum band in an effect known as sideband suppression. This effect happens
due to the fact that IQ modulation has 90° phase difference. When combining the real
and imaginary parts of both In-phase (I) and Quadrature-phase (Q) signals the resulting

signal has just a real part in the spectrum, as shown in Figure 2.2.
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Figure 2.2 — Combination of I and Q signal when LO signal have 90° phase difference.

The phase error between the signals is simply calculated as shown in Equation
2.1. Effect of both phase error (Af) and amplitude error (¢) in the resulting signal after
up-conversion in both wanted sideband (P, ) and unwanted sideband (P_) is shown in
Equation 2.2 as deduced in [5]. To achieve a minimum sideband rejection of —40 dB.
When considering just phase mismatch in Equation 2.2, it is noted that the maximum

acceptable phase error is approximately 1.1°, as its possible to see in Figure 2.3.

Quadrature Phase Error = |¢p(1/Q) — ¢(Q/I) — 90| (2.1)

P 1+ €)? —2(1 + €) cos(Af) + 1
Py (1+€)242(1+¢€)cos(Af) +1

(2.2)
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Figure 2.3 — Effect of phase Error in the sideband rejection.
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2.2.3 Duty Cycle Stability

An important aspect of the frequency divider output signal is the duty-cycle
value and the capability of keeping it stable along with its operation. As discussed in [3]
the best Error Vector Magnitude (EVM) for an 1Q-Sharing architecture transmitter is
obtained when using a 50% duty-cycle when compared to a 25% one as shown in Figure
2.4. From this plot, it is inferred that considering that signal to be transmitted is ideal, to
keep EVM below —60 dB the maximum due to duty-cycle variation is 1%. The equations

used to plot these curves are presented in Appendix A.

EVM x Duty-Cycle

-20

-40

)
S
E -120 -©-25% Duty-Cycle |
w -8-50% Duty-Cycle

u}

49 49.2 49.4 49.6 49.8 50 50.2 50.4 50.6 50.8 51
Duty-Cycle [%]

Figure 2.4 — EVM change due to changes in LO Duty-Cycle.

A second factor to be considered is that a 25% percent duty-cycle LO signal
presents both odd and even harmonics while a 50% one have just the odd components
and thus due to the SPCA switching operation the signal images that will be present at

the output will be far of the transmitter carrier frequency and more easily filtered.

2.2.4 Phase Noise

The phase noise specification arises from the need of keeping the transmitter
output spectrum in the signal band region the cleanest possible. Phase noise is the
frequency domain representation of a periodic signal zero crossing point uncertainty, which
is known in the time domain as jitter. A perfect oscillator can have it output represented
as Voui(t) = Acoswt which is a pure sinusoidal output, but when considering the noise
in the circuit the output signal is now written as V,,(t) = Acos(wt + ¢,(t)) where
¢n(t) represents the signal phase variation induced by the circuit noise. The graphical
representation of this effect is shown in Figure 2.5. In the frequency domain, the error in

the zero-crossing point translates into the spreading of the signal spectrum besides the
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ideal signal frequency as shown in Figure 2.6. When the noisy carrier is then mixed with
the baseband signal to create the RF signal the wider band of the LO signal will also
spread the output spectrum and raise the noise floor. A similar process happens in the
reception side during the down-conversion phase. This process can be viewed as if each
frequency different from the desired LO frequency is mixed with the signal, which will
translate it to a sideband in the RF signal with a smaller amplitude. This is shown for the

down-conversion in the reception in Figure 2.7.

Acos[(oct+¢n(t)]§§ ‘ A

Figure 2.5 — Ideal and noisy waveform in time domain. (Adapted from [5].)

Sout A
(CVPN w

Figure 2.6 — Ideal and noisy waveform spectrum. (Adapted from [5].)

Phase noise is usually separated in the close-in, from carrier frequency till
around 1 MHz offset, and far-out regions above 1 MHz where the phase noise settles into
the floor level. In this work, it is required to be compliant with the GSM (Global System
for Mobile Communications) standard, which is one of the most restrictive in the phase
noise specification, and this should achieve a noise floor of —162 dBc/Hz at an 20 MHz
offset.

2.2.5 Area, Power Consumption and Specification Summary

In this work, power consumption and circuit area are not restrictive specifica-
tions once there were no constraints on the design, but since the intended application for

this circuit is an IEEE082.15.4g compliant modem, which is an IoT oriented specification
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Figure 2.7 — Up-conversion process with (a) ideal LO signal and (b) noisy LO signal.
(Adapted from [5].)

some efforts are made regarding these aspects. Power consumption ideally should be low
to maximize a potential device battery life. One factor that is important to be taken
into consideration regarding the current usage is the LO signal rise and fall times. This
specification affects the current since to charge or discharge a certain capacitive load
(Cp) in a fixed amount of rise time (¢,) or fall time (¢;) a current (Icparge), as crudely
approximated by Equation 2.3 when neglecting internal resistances, is necessary. In this

work, the target rise and fall times are 50 ps as required by the transmitter block.

AV

o (2.3)

ICharge = C’L :

The area is also tried to be kept at a minimum to save silicon area and should
ideally be less than 100um x 100um . The summary for all proposed target specifications
is presented in Table 2.1.

Table 2.1 — Specifications Summary.

Specification Value Unit
Input Frequency > 2.0 GHz
Phase Noise < —162 @20 M Hz offset dBc/Hz
Phase Error <1.1 °
Duty-Cycle Stability < 1% -
Rise/Fall Time < 50 ps

Power Consumption
Area 100 x 100 >
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2.3 TSPC Divider

2.3.1 Functional Analysis

The proposed differential topology is presented in Figure 2.8. The circuit core
is comprised of a cross-coupled differential pair that creates the differential signals n1 and
nl1b. The following stages are implemented using the single-ended TSPC stages shown in
Figure 1.10. Determining these stages is done by analyzing the signal coming from the
previous stage and the function implemented by the TSPC stage. The signal propagation
through the divider is presented in Figure 2.9. In nodes n2 and n2b it is observed signals
with 75 % that are in phase with the rising edge of the reference clock signal, these signal
can also be utilized to derive 25% divided signal from the reference if passed through
an inverter and further utilized in a topology that requires this kind of signals such as
presented in [18] and [19].

Since TSPC circuits rely on dynamic logic there are certain phases of operation
that the nodes outp and outn presents high impedance and are not able to properly drive
the circuit load. Thus inverters are added as the last stage of the divider to isolate the
previous node from the load and to adjust the circuit drive capability. Transistors MRP
and MRN are added to the circuit to implement resetting capability to the flip flop by
pulling nodes n1b to VDD and n1 to GND when signal RST in high. Transistors MRDN
and MRN are added as dummy devices to properly balance the capacitance in nodes n1

and ni1b and keep the circuit behavior as symmetric as possible.
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Figure 2.8 — Differential proposed TSPC topology.

The circuit behavior relies on the input clock denominated as 2L O and can
be separated in 4 (four) phases of operation, of just half the circuit for simplicity, as
presented in Figure 2.10. This diagram aids in the circuit design by providing insight into
which paths are critical for signal propagation. Since the desired duty-cycle is 50%, the
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Figure 2.9 — Signal Propagation Through Divider.

propagation delay from input to output for both 0 — 1 and 1 — 0 transitions should be
identical. From the diagram it is noted that in Phase IT nodes n2 and outp have transitions
as to switch the output Qb from 1 — 0. However for the output transition from 0 — 1,
shown in Phase IV, only node outp switches, thus both these paths should be worked to

keep the charge and discharge transitions in the output symmetrical.

From the fact that this is a dynamic logic circuit, the leakage effect will, over
time, discharge the internal nodes. This will, in turn, disrupt the working flow of the circuit
and thus imposes a minimum operating frequency. The maximum operating frequency
of this circuit is defined by the slowest switching node of the circuit. When looking to
the top-level schematic, in the closed-loop configuration presented in Figure 1.8, another
limiting factor regarding the maximum operation frequency arises. Instead of the slowest
node in each individual Flip-Flop, the limiting factor is now the propagation delay from
input CLK to outputs @/Qb since the setup time for the next Flip-Flop cannot be violated

to ensure the correct function of the circuit.
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Figure 2.10 — Diagram for a divide-by-two operation.

2.3.2 Phase Noise Analysis

Regarding the phase noise of the divider circuit, a similar analysis as to the

one done in [20] can be done. The proposed method reduces the operation of TSPC stages
to the same of an simple CMOS inverter which presents the total phase noise, due to both

flicker and thermal noise, during a switching operation as in Equation 2.4.
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In this equation, reqee = Ip/Cr, with Ip being the drain current of the transistor which is
charging or discharging the load C, at the moment when the output voltage crosses the
halfway point of V. DD/2. AT represents the switching duration used for the integration
period of the noise. S;(f) and Sy/f(f) respectively represents the Fourier transform of the

thermal noise current and flicker noise of the transistors.

Looking now at the signal diagram presented in Figure 2.9 and the active
transistors responsible for signal propagation in Figure 2.10 in each stage it is possible to
determine which transistors are responsible to add jitter, and consequently phase noise
in the frequency domain, to the divided signal, as shown in Figure 2.11. It is possible to
note that the signal transitions in Phase I and Phase III as shown in Figure 2.10 do not
contribute to the overall output jitter since the signals that present switching in these

phases of operation have sufficient time to stabilize and don’t propagates to the output.

2LO __
n2 I — |itter of MN2a and MN3a

outp Bl —Jitter of MP4a
Qb B —Jitter of MIN1a
(@)

2LO __|
outp [] e——=litter of MN5a

Qb [ | «—Jitter of MIN1a
(b)

Figure 2.11 — Jitter contributions to output signal (a) Falling edge, (b) Rising edge.

Knowing which transistors are responsible to transfer noise to the output, it is
possible to optimize the critical transistors for the required phase noise at the expense
of power consumption. Since all the lengths are the same for devices in the design, the
parameter to be optimized is the transistor width, as in Equation 2.5 [20]. W, corresponds
to the transistor which is driving a circuit node and W), corresponds to the transistor which
is being driven in this node. The factor n is approximately 2 and corresponds to the drain

junction capacitance and the Miller multiplication of the gate-drain overlap capacitance.

(pW, + W,)?

T (2.5)

Sa(f) ox
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Taking into consideration both the working principle of this circuit and the
noise injection mechanism the interactive process of sizing the transistors to match the

simulation results to the desired specification can be started.

The design phase of this project takes place utilizing the EDA tool Cadence®
Virtuoso® Platform for schematic, layout and simulation of the circuit and Mentor®
Calibre® tool suite for physical layout verification. The utilized technology is TSMC 65 nm
CMOS which is a low-power mixed-signal /RF process.

2.3.3 Testbench and Schematic Simulation Results

The utilized testbench setup in the simulation environment is presented in
2.12. The setup consists of the designed frequency divider as the device under test (DUT),
voltage-independent sources to create the necessary power supply, and input RF signal
and capacitors as loads to the circuit. The tests consist of a transient simulation of at
least a hundred output cycles to assess phase error between outputs, duty-cycle, rise and
fall times, and dynamic power consumption. A Periodic Steady-State (PSS) simulation in
conjunction with a Periodic Noise Analysis (Pnoise) is also used to infer the phase noise

of each output.
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Figure 2.12 — Testbench setup utilized in circuit design.
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The first design provided a minimum phase error, as expected from an ideal
schematic simulation for a differential design, but the phase noise was above the desired
specification. Utilizing the relation from Equation 2.5 the dimension for the critical
transistors for the noise paths were adjusted. Looking into the power consumption it was
noted that it could be reduced at the cost of the input frequency range by reducing the
size of input stage transistors. The final dimensions for the transistors in the design are

presented in Table 2.2.

The schematic design phase results in a divider capable of handling input
frequencies in the range of 400 MHz to 4 GHz with a power consumption of 530.2 uW and
5.251 mW respectively for a 300 fF load. Figure 2.13 shows the power for all simulated
frequencies. As expected the presented curve is a line since in a dynamic circuit the power

consumption is proportional to the switching frequency. The circuit’s largest phase error
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Table 2.2 — Circuit Transistor Sizing.

Device Channel Channel Number of
Length (L) [nm] Width (W) [nm)] fingers
MP1la,MP1b 60 920 6
MP2a,MP2b 60 920 6
MP3a,MP3b 60 920 8
MP4a,MP4b 60 920 9
MIP1a,MIP1b 60 920 34
MN1a,MN1b 60 400 3
MN2a,MN2b 60 400 15
MN3a,MN3b 60 400 15
MN4a,MN4b 60 400 9
MN5a,MN5b 60 400 9
MIN1a,MIN1b 60 400 34
MRP,MRDP 60 920 20
MRN,MRDN 60 400 20

seen in the simulations is 0.12° for the upper input frequency limit since the circuit is

operating close to its failing point and the outputs start to desynchronize.
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Figure 2.13 — Power versus Input Frequency.

Regarding the circuit phase noise, the obtained results for output frequencies of
900 MHz and 2 GHz are presented in Figure 2.14 for each single-ended output. As expected,
they all present the same phase noise since the transistors that contribute to add noise to
each output have the same sizing, and for increased frequency, the phase noise is worse
due to higher switching activity. When sizing the transistors, current densities supported
in the technology as well as capacitive effects are taken into consideration when deciding

the use of fingers or multipliers for the transistors.
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Figure 2.14 — Phase Noise Characteristic.

To finalize schematic phase simulations robustness to process, voltage, and
temperature (PVT) variation is carried out. Temperature affects the circuit behavior
by reducing the transistor saturation current as temperature raises and consequently
decreasing maximum operation frequency and rise and fall times. Regarding power supply,
a similar effect is noted as expected since the increase or decrease in voltage directly
influences transistors gate-source voltage (Vgs) and thus drain current. These effects are

summarized in Figure 2.15.
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Figure 2.15 — Maximum input frequency given variation in temperature and power supply.

To assess the process variation, Monte Carlo simulations utilizing 1000 sample
points are made. In Figures 2.17, and 2.16 are presented the worst-case variation across all
four outputs for duty cycle and quadrature-phase error. It is observed that the duty-cycle
falls outside the specification for the input frequency 4 GHz, but since this frequency
is considerably above the required specification, it is not considered to be a problem.

Regarding the phase error, it is seen that it never crosses, even when considering the
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deviation, a phase error above 0.15°. The data point for an input frequency of 4 GHz is
not present in 2.16, since it presents an error in the order of 1° and makes it difficult to

visualize the rest of the data and also falls close to the specification limit.
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Figure 2.16 — Duty-Cycle Variation due to Process for Monte Carlo Simulation.
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Figure 2.17 — Phase Error Variation due to Process for Monte Carlo Simulation.

Considering all the obtained results, it is deemed possible to proceed to the

circuit layout phase since the results present a good margin from the desired specification.

2.3.4 Layout and Extracted Simulation Results

The layout process starts with an initial device placement of two flip-flop cells
to form the divider, as presented in Figure 1.8. The placement follows traditional design
recommendations such as device placement symmetry and proximity [21]. The placement

presented in 2.18 is utilized to minimize issues regarding unbalanced signal routing that
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may insert different delays in signal paths that should be symmetrical and also minimize

process gradient variations.

Reset
Transistors

2nd st Stage
Stage B B

st Stage 2nd
A Stage Al

I (e (O | T
Output Inverter B [N [ { [T | Output Inverter A

Divider_Core

|||||||||||||||||||||||||||||||||||||||||||||

Figure 2.18 — Circuit Device Placement.

The next step after device placement is signal routing. This phase tends to
be an interactive process since parasitic elements should be taken into consideration to
achieve a well-matched layout in the end. These parasitic elements appear from the physical
characteristics of the materials utilized in the interconnection between devices. Parasitic
capacitance can appear from two different phenomena: the interaction between a signal
path and the silicon substrate (ground) and from the interaction between two signal paths.
In both cases, it is observed that the structures formed are capacitors as shown in Figure
2.19.

Parasitic resistance arises from the intrinsic resistance the material used for
interconnection, usually a metallic material, presents. This characteristic is more predictable
than the parasitic capacitance since the documentation for the technology process usually
provides information about the interconnection resistance so the circuit designer can make
preliminary estimates of parasitic resistance. Both resistors and capacitors will influence
the RC delay experienced by the signal and thus influence the phase error that the layout

inserts into each output.

The next phase is the verification of the layout. The first step is to check
physical constraints such as geometries spacing and overlapping which are verified by
Calibre ® Device Rule Checking (DRC) tool. After DRC, the layout topology check is
done utilizing Calibre ® Layout versus Schematic (LVS) to be sure the circuit created in
the layout corresponds to the circuit created in the schematic. Finally, a circuit extraction

contemplating the layout parasitics is obtained through Calibre ® Parasitic Extraction
(PEX) tool.
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Substrate

Figure 2.19 — Parasitic Capacitor Structures.

The circuit contemplating the parasitic devices is now utilized in the testbench
presented in Figure 2.12 to re-run the simulations and check the circuit performance. If
the simulation results are not according the desired specification, analysis of the results
is necessary to identify the possible layout effects that create the discrepancy between
schematic and extracted simulation. Modifications on the layout are made and then the
verification process starts anew. In this project three layout iterations were necessary
before achieving the desired results, the final layout for a single divider is presented in
Figure 2.20 and the summary of the simulated extracted results in Table 2.3 for a 1.8 GHz
input frequency. It is noted that the rise and fall time specifications are not properly met,
but due to new loading specifications as better described in the next section, it is opted to

keep the circuit design as it is.

Table 2.3 — Extracted Simulation Results @ 1.8 GHz Input.

Specification Result
Duty-cycle - Q0 50.06 %
Duty-cycle - Q90 50.05 %

Duty-cycle - Q180 50.04 %
Duty-cycle - Q270 50.05 %

Rise Time - Q 55.6 ps
Rise Time - Q90 55.9 ps
Rise Time - Q180 55.8 ps
Rise Time - Q270 55.9 ps

Phase Error (Q - Q90) 0.098°
Phase Error (Q90 - Q180) 0.052°
Phase Error (Q180 - Q270) 0.053°

Phase Error (Q270 - QO0) 0.099°
Phase Noise (40 MHz offset) —167.81 dBc/Hz
Power 2.93 mW

Size (W x L) 30.92pm x 46.94pm




CHAPTER 2. CIRCUIT SPECIFICATION AND DESIGN 46

gl

Figure 2.20 — Final layout version for the quadrature frequency divider.

2.4 Design Integration to Top-Level System

2.4.1 Schematic Top Level Integration

As previously stated in Section 2.1, the frequency divider block in this project is
responsible to provide signal for the transmission path, the receiver path, and the baseband
modem. To accomplish this task it was noted the need of employing a second frequency
divider to further reduce the frequency before entering the baseband modem as well as
buffers to ensure the proper driving capability to all three different circuits and thus some
additional work is needed. The circuit schematic for the complete circuit is presented in
Figure 2.21.

The second frequency divider utilized is the same as the one presented previously.
To connect the output of the first divider to the second one its utilized buffers on all four
output phases even though only two phases are needed. This is done to ensure symmetrical
loading in all four outputs. The buffer for the transmitter path is adjusted to drive a
300 fF load and the buffers in the receiver path should drive a 200 fF load. Schematic

simulation results for the complete circuit is provided in Table 2.4.

The results provided in this table are for the typical application frequency (1.8 GHz input
frequency) and maximum supported input frequency (3.4 GHz). Note that the maximum
input frequency is slightly reduced from 4 GHz to 3.4 GHz, this happens due to the buffer
design which is decided to have a limited current and thus limiting the maximum frequency

in which it can operate. The total power consumption has greatly increased mainly due
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Figure 2.21 — Top level schematic for the complete frequency divider block.

to the buffers which need to drive a total of 2 pF load when combining all outputs. The

testbench for the top-level integration is presented in Figure 2.22. The only difference from

this testbench to the individual divider presented before in Figure 2.12 is the addition of

outputs for each signal with the corresponding capacitive loads of 300 fF for transmitter
path (TXLO) and 200 fF for both receiver and baseband path (MIXLO and CLKLO).

Table 2.4 — Top Level Divider Schematic results.

Specification

Results @ 1.8 GHz Input

Results @ 3.4 GHz Input

Duty-cycle-QO0
Duty-cycle-Q90
Duty-cycle-Q180
Duty-cycle-Q270
Rise Time - Q
Rise Time - Q90
Rise Time - Q180
Rise Time - Q270
Phase Error (Q - Q90)
Phase Error (Q90 - Q180)
Phase Error (Q180 - Q270)
Phase Error (Q270 - QO)
Phase Noise (40 MHz offset)
1%t Divider Power
2" Divider Power
TX Buffer Power
RX Buffer Power
Interconnect Buffer Power
Total Power

50.04 %
50.04 %
50.03 %
50.04 %
29.85 ps
29.75 ps
29.78 ps
29.83 ps
0.099°
0.021°
0.077°
0.024°
—170.02 dBc/Hz
1.346 mW
1.079 mW
2.313 mW
1.56 mW
109.1 uW
6.407 mW

50.15 %
50.12 %
50.38 %
50.41 %
29.83 ps
29.81 ps
29.83 ps
29.72 ps
0.439°
0.458°
0.339°
0.358°
—164.22 dBc/Hz
2.506 mW
2.047 mW
4.369 mW
2.951 mW
206.3 pW
12.08 mW
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Figure 2.22 — Top level Testbench for the complete frequency divider block.

2.4.2 Layout Top Level Integration

The top-level layout is presented in Figure 2.23. In it it is possible to identify
two copies of the individual divider cells, shown in Figure 2.20, and the buffer structures.
The connection on the left-hand side of the layout, which provides the signal to the receiver
path, is purposefully longer to account for the introduced parasitics which would arise in
the chip level interconnection. As in the circuit level layout, the concerns with symmetry
and signal path lengths exist in the block level layout to keep signal degradation due to

layout parasitics to a minimum.

The final step would be to simulate the extracted layout with parasitics to
ensure that the top-level layout still is in conformance with the specification and if there
is any problem iterate over the layout and schematic until every design requirement is
met. At the time of the design, some tool licensing restrictions made circuit extraction
unable to run, thus, imposing a heavy penalty in the design cycle. As to try to contour
this impediment, it is used the parasitic model previously extracted for the individual
divider. Then, based on path length and width of the most critical interconnections not
contemplated in the previous extraction, such as the buffers and the connection between
the two dividers, capacitors were manually inserted in those nets to try to simulate the

parasitic capacitors.

Though this is definitely not the ideal procedure it was the only option at
the moment. The same transient, PSS, and PNoise simulations are utilized to assess
the circuit performance. Table 2.5 presents the results for both nominal and maximum
frequencies, using this estimate capacitance method. It is noted a reduction in maximum
input frequency from 3.4 GHz to 3 GHz and an expected increase in the rise time but still

in conformance with the specifications.
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Figure 2.23 — Top level layout for the complete frequency divider block.
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Table 2.5 — Top Level Divider Layout Estimated Capacitors Results.

Specification Results @ 1.8 GHz Input Results @ 3.0 GHz Input
Duty-cycle-Q0 50.02 % 49.79 %
Duty-cycle-Q90 49.91 % 49.76 %

Duty-cycle-Q180 50.12 % 50.03 %

Duty-cycle-Q270 50.21 % 50.07 %

Rise Time - Q 38.16 ps 38.27 ps

Rise Time - Q90 38.32 ps 38.3 ps

Rise Time - Q180 38.17 ps 38.13 ps

Rise Time - Q270 38.87 ps 38.35 ps
Phase Error (Q - Q90) 0.138° 0.373°
Phase Error (Q90 - Q180) 0.118° 0.479°
Phase Error (Q180 - Q270) 0.137° 0.310°
Phase Error (Q270 - QO0) 0.110° 0.434°

Phase Noise (40 MHz offset) —168.84 dBc/Hz —163.21 dBc/Hz
Total Power 7.27 mW 12.1 mW

After the complete chip was submitted to fabrication it was possible to do the
parasitic extraction using Calibre ® PEX tool. The simulations were then done and the
results presented in Table 2.6. The first immediate concern was the drastic reduction in

the maximum operating frequency from 3.0 GHz to 1.9 GHz this immediately shows that
the capacitance was highly underestimated.

Table 2.6 — Top Level Divider Layout Extracted results.

Specification Results @ 1.8 GHz Input Results @ 1.9 GHz Input
Duty-cycle-Q0 50.15 % 50.35 %
Duty-cycle-Q90 50.11 % 50.19 %

Duty-cycle-Q180 50.13 % 50.33 %
Duty-cycle-Q270 50.29 % 50.49 %
Rise Time - Q 37.32 ps 37.4 ps
Rise Time - Q90 37.35 ps 37.35 ps
Rise Time - Q180 37.12 ps 37.17 ps
Rise Time - Q270 36.89 ps 36.91 ps
Phase Error (Q - Q90) 0.389° 0.544°
Phase Error (Q90 - Q180) 0.224° 0.217°
Phase Error (Q180 - Q270) 0.160° 0.074°
Phase Error (Q270 - QO) 0.005° 0.252°
Phase Noise (40 MHz offset) —170.02 dBc/Hz —164.22 dBc/Hz
Total Power 8.78 mW 9.263 mW

Taking a closer look at the parasitics report provided by the extraction tool
and comparing the capacitance in the critical nets to the values of the estimated capacitors

it was possible to observe that the main underestimation was in the coupling capacitors
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between paths. An example is shown in Figure 2.24a where the output nets of the first
divider are highlighted, in these nets the estimated capacitance was 25 fF. It is possible to
see that in column "C Total" that the intrinsic capacitance is around 10 fF but in column
"CC Total" the coupled capacitance alone is around 50 fF, which is double the estimated
capacitance. Looking closer to which net was responsible for the coupling capacitance on
2.24b, it is seen that the power supply nets VDD and GND, which were included in the

top-level design, were the ones mainly responsible for the increased capacitance.

At this point, since the fabrication process was already undergoing, nothing
could be done to change the circuit design. Since the design was borderline functional,
simulations taking process corners into consideration were done to ensure that the manda-
tory input frequency of 1.8 GHz is possible to be achieved. When considering a 1.2V
power supply and the circuit at 27 °C, it was noted that in corners F'S and SS the divider
fails to operate, presenting an output of 300 MHz instead of 900 MHz. As a measure to
overcome this problem, the power supply voltage is increased in the simulation since this
will allow higher current values to flow through the transistors and thus to compensate for
the added capacitance. The values were increased in steps of 0.05 V till the divider was
able to properly work in all four process corners at an input frequency of 1.8 GHz. The
results for these simulations are presented in Table 2.7 and shows that a power supply
voltage of 1.4 V is needed to ensure proper circuit operation across all process corners. Due
to increased voltage, the circuit consumption is also increased while rise and fall times and

phase noise is reduced. The summarized results utilizing 1.4 V is presented in Table 2.8.

Table 2.7 — Extracted layout operation for process corners and power supply.

Power ‘ Process Corner

SWPY | 7T FF FS  SF S

1.2 Pass Pass Fail Pass Fail
1.25 Pass Pass Fail Pass Fail
1.30 Pass Pass Pass Pass Fail
1.35 Pass Pass Pass Pass Fail

1.4 Pass Pass Pass Pass Pass

2.5 Circuit Design Final Considerations

In this chapter, the complete design process of the frequency divider was
presented from the initial block specifications to the final layout that is integrated in the
chip design. Although software licensing problems lead to a final design that wasn’t capable
to provide correct operation the working principle of the divider topology is proven through
simulation. The circuit was fabricated in TSMC 65 nm CMOS mixed-signal/RF process
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Figure 2.24 — Parasitic report for top level layout.

and 100 samples were available for use being 50 samples just the fabricated die, 40 samples
encapsulated in a Quad-Flat No-Lead with 100 pins (QFN100) package and 10 samples in
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Table 2.8 — Top Level Divider Layout Extracted results Using 1.4 V power supply.

Specification Results @ 1.8 GHz Input
Duty-cycle-Q0 49.62 %
Duty-cycle-Q90 49.61 %

Duty-cycle-Q180 49.67 %
Duty-cycle-Q270 49.67 %
Rise Time - Q 24.7 ps
Rise Time - Q90 24.62 ps
Rise Time - Q180 24.68 ps
Rise Time - Q270 24.37 ps
Phase Error (Q - Q90) 0.207°
Phase Error (Q90 - Q180) 0.022°
Phase Error (Q180 - Q270) 0.151°
Phase Error (Q270 - QO) 0.033°
Phase Noise (40 MHz offset) —169.74 dBc/Hz
Total Power 10.78 mW

a QFN100 package without the top-lid. In the next chapter the measurement process, from
the requirements for the measurement setup to the circuit results are presented, discussed,

and compared to the results obtained during the design phase.
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3 Measurements Methodology and Results

In this chapter, the overall system configuration surrounding the frequency
divider, which is necessary to realize the measurements, is explained. Following this,
the methodology and measurement setup for the fabricated circuit is shown. Finally,

measurement results are presented and discussed.

3.1 Fabricated System Overview

A micrograph of the chip is shown in Figure 3.1. The transmitter circuit is
visible in the top-left corner and occupies an area of 1149um x 950um. The highlighted

area is the region where the frequency divider is.

Figure 3.1 — Encapsulated chip micrography showing the transmitter block.

As shown in Figure 2.1, the chip has an integrated PLL and oscillator that
feeds a signal to the frequency divider. Although this signal could be used as a source to
the circuit, another signal path, shown in Figure 3.2, is implemented to feed the chip with
an external signal. The configuration control for both the signal selector and bias voltage
generator blocks comes from the register bank (RB) that is present in the digital modem

block and is read/written by 12C protocol communication.

To effectively measure the divided signal from the circuit, three approaches are
possible: (a) measure the signal at the transmitter output when the transmitter has no
power supply provided; (b) measure at the transmitter output, but with the transmitter
powered on and a fixed signal as the transmitter input; (¢) measure the further sub-divided

signal that goes to the digital modem. The third measurement method (c) requires an extra,
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Figure 3.2 — Circuit diagram for external signal input.

[2C configuration to make the signal available as a modem output. Measurements using the
sub-divided digital output allow just frequency measurements since the signal goes through
several other divisions and components. Thus, the phase noise for the original divider
output can not be inferred. In the case of measurement of the signal at the transmitter
output, when no power supply is applied to the transmitter, only a fraction of the divider
output will be measured due to capacitive coupling. When measuring with the transmitter
powered on, the measured frequency is equal to the divider’s output, and phase noise
is expected to be slightly higher since there is also the contribution of the transmitter

circuitry to the LO signal phase noise, but it is a good indicator of the divider performance.

Regarding power consumption of the frequency divider, a direct measurement
cannot be readily obtained since the power supply is shared with other circuitry inside
the transmitter. In Figure 3.3, a simplified diagram of the transmitter is presented. All
the blocks outlined in red shares the same power supply as the frequency divider while
only the transmitter itself uses a separated analog power supply. It is possible by means of
control via register bank to reduce the current usage of the external data input processing
block as also set the blocks that are not being used to a reset state and thus minimizing

dynamic current consumption due to other blocks.

As a first step to do the measurements, a simple printed circuit board (PCB) is
manufactured, shown in Figure 3.4, containing just the essential connections to control the

register bank and some measurement points to assert biasing and simple functionalities.

It was noted that although seemingly properly biased, no response was obtained
from the digital circuitry through the 12C interface, and thus testing of the analog circuits
could not proceed. Testing other available samples resulted in the same observed behavior

thus leading to the belief that the issue was somewhere in the connection between the



CHAPTER 3. MEASUREMENTS METHODOLOGY AND RESULTS 56

PLLIN_P

L T
PLLIN_N b 0 r
a
LOIN_P — q v [_Mix 10 T n _|out P
_Snlagnal g i MODEM_DATA _| Rl 10 [r$ 108 ¢ 18| ™ 4
—— Blas e MODEM_DATA_Q % e - ap n B i r|OUT_N
LOIN_N nelclk SYSTEM_CLK ——— 0| D9l A0 0yt ubA t e f—
DD 77011t s mr r f t
y i —| External | °/ No o f e
I_P 7 at i
gv Data e t | le r
i I_N— v il lr
td Q p— Input e © e
3¢ _| \ Q_N —{Processing r '’ r
Legend | | | ]
zz== | Buffer | v | Buffer | v
I:lAnang Supply| o000
ESEE
I:l Digital Supply Ig Ig Ig Ig
Quadrature 'c'_> 'c_> |Q 'c'_>
Signals 238872

Figure 3.3 — Simplified transmitter block diagram.

Figure 3.4 — First PCB for communication and biasing tests.

digital circuitry core and the I/O (input/Output) interface that in turn connects to the
QFN package. Since the digital 1/O cells could be configured to either behave as input only
or output only, through a configuration bit from the register bank, the first suspicion was
that one of the pins presented an incorrect configuration. Investigating the default register
bank configuration showed that there were indeed two pins that were incorrect configured
and thus rendering impossible to access the register bank, TOP CLK, and 12C SCL,
which are respectively the digital system reference input clock and the I2C protocol clock
signal. To circumvent the problem the viability of a procedure using a Focused Ion Beam

(FIB) to cut the incorrect connections is analyzed.

3.2 Focused lon Beam Intervention

A FIB is an equipment that is commonly used in the microelectronics industry
when the need to manipulate fabricated chips arises. This equipment is capable of removing
material from the sample with tenths of nanometres of precision, and also can be used for
imaging, similar as in a Scanning Electron Microscope (SEM), and material deposition.
The process of interest needed to rework the fabricated chip is both materials removing
and deposition to cut and reconnect the misconfigured 1/0, more detail on how the FIB

process takes place can be readily found in literature such as [22].
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The technology used to fabricate the chip consists of nine metal layers for
routing plus a top aluminum layer for power supply redistribution. The connections that
need to be reworked are in the lower metal layers thus creating a challenge in the process
of cutting and reconnecting since, as required by the foundry, dummy metal structures
should be present in the chip to fill empty spaces and thus meeting a minimum metal

density requirement to guarantee fabrication reliability.

In Figure 3.5, it is shown only layer of the metal trace of interest for the sake
of clarity, the metal trace that needs to be cut, denominated as "B", and the surrounding
signal connections. The traces that represent power supply connections are also indicated
since after cutting the trace "B" it needs to be connected to VDD so that the I/O circuitry
operates as desired. In Figure 3.6a, all routing metal layers are presented, and in Figure
3.6b, the dummy filling is included. It is clear the complexity of the operation since there
is a high concentration of signal lines in the region and the cut is to be done on top of
active digital circuitry, and thus, any misalignment or failure to stop the cutting process

at the correct depth may render the circuit inoperable.

Trace B
-

(a) Intervention area showing only the routed signals.  (b) Intervention area showing all metal layers.

Figure 3.6 — 12C signal intervention area

Similarly, Figure 3.7a presents the metal trace that needs to be cut, named as

"A", and 3.7b shows all metals in the region. As for trace "B", trace "A" also needs to be
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connected to a VDD trace after being cut. The operation in this signal is more lenient
since there is no active circuit under the trace to be cut. The layer color map identification

is presented in Figure 3.8.

Trace A
s

(a) Intervention area showing only the routing metal  (b) Intervention area showing all metal layers.
layers.

Figure 3.7 — CLK signal intervention area

=1

Figure 3.8 — Layer map identification for both routing and dummy metals.

The FIB process was initially carried out at Centro de Componentes Semi-
condutores e Nanotecnologias (CCSNano) at UNICAMP but due to the high density of
metals, some problems were encountered. Since copper (Cu) has a slightly higher removal
rate than silicon oxide (SiO,), the several dummy patterns that are present above the
desired line to be reworked lead to uneven material removal. Figure 3.9 shows the result
of a tentative processing of the 12C signal region. Once the removal of metal was faster
than the SiO,, some caving is observed in the lower layers and thus the cutting process

was not reliable.
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Figure 3.9 — Results from FIB processing realized at CCSNano

A possible way to circumvent this problem is to have a higher removal rate for SiOy than
for Cu, and this can be achieved in a FIB equipment through the use of an assisting
source of Xenon difluoride (XeFs) that increases the removal rate of SiOy while keeping
the removal of metal the same [23]. This process was not possible to be realized at CCS
since there was no XeF, source available for the equipment. A new die processing was
realized at CEITEC, which have a FIB equipped with a XeFs, and the results for the
same [2C signal is presented in Figure 3.10. Figure 3.11 shows the result after processing
for the TOP CLK signal and it is clear from this two images that the higher selectivity
between Silicon and metal is achieved and thus making it possible to precisely cut the
desired connection and later, by process of metal deposition, connect to the correct power

supply line.

E Beam Spot Magn Bot” WD rosessesasevl oy i
500kv 30 5000x TLD 54 CEITECSA

Figure 3.10 — Results from FIB processing realized at CEITEC for 12C

This process was carried out in just four bare die samples to ensure the reliability of

the correction, and for testing, a simple bondwire scheme connecting just the minimum
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E Beam Spot Magn Det WD H——i
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Figure 3.11 — Results from FIB processing realized at CEITECfor CLK

necessary signals besides the corrected ones was done. Figure 3.12 shows the substrate
where the die was attached and bonded to metal traces that allow an external connection.
Subsequent testing by simply writing a value to a register bank position and reading it
back successfully in all samples proved that the correction procedure is reliable and could

be done in other samples.

i

Figure 3.12 — Board to validate FIB processing.

3.3 Measurement Setup and Equipment

Having now complete functional samples, the measurement process can be
resumed. In Figure 3.13 it is shown a simplified block diagram of the required key
components to power up and allow connection to equipment. This diagram contemplates
only the connections needed for the transmitter. The complete diagram and bill of materials
(BOM) is presented on Appendix B. Table 3.1 lists the utilized components referenced in
Figure 3.13.
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Figure 3.13 — Simplified Block Diagram for the transmitter part of the test board.

Table 3.1 — Simplified bill of materials for test board.

Component Part-number Description Quantity
U1,U2 SMST1804NA005  Impedance matching from 4€2 to 5052 2
U3,U4,U5 1720BL15B0200E 5092 : 20012 Balun 3
U6 RP1325241B-E2-FE 2.4V voltage regulator 1
ur MIC5309YD6 Adjustable voltage regulator 1
U8 LP5912-1.2DRVR Low noise 1.2V voltage regulator 1
J1,J2,J3  CON-SMA-EDGE-S Straight single row connector 3

The complete PCB layout is designed using Cadence® Allegro® PCB Designer
and is shown in Figure 3.14. The measurement setup required to fully characterize the

frequency divider is presented in Figure 3.15.

The signal generator is responsible to provide the reference signal to be divided,
the utilized equipment is a Keysight EXG N5172B Vector Signal Generator. This equipment
provides a stable sinusoidal RF output however having a phase noise characteristic, as
shown in Figure 3.16, higher than the simulated results previously presented in Figure

2.14 and Table 2.8, and thus, setting the limit for the minimum achievable phase noise.

The Spectrum analyzer is connected to one of the transmitter outputs and is
used to analyze both the signal spectrum and phase noise. The utilized equipment is a
Keysight EXA N9010B Signal Analyzer which, when measuring phase noise, provides the
capability of measuring the equipment Displayed Average Noise Level (DANL).
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Figure 3.14 — PCB Layout used in the testbench.
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Figure 3.15 — Measurement testbench block diagram.

The DANL represents the smallest signal level that the equipment is able to measure due to
its internal noise [25]. A DSA-X91604A oscilloscope is used to measure the low-frequency
signal, which has a ratio of 1/16 of the reference input signal and also the transmitter

output signal which can be analyzed and have its EVM derived.
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Figure 3.16 — EXG N5172B Phase noise characteristic|24]

A Raspberry Pi is utilized control to the register bank through 12C communi-
cation and also provides power to the voltage regulator responsible for powering digital
circuitry core. An external power supply, Keysight N6705C DC power analyzer, is utilized
to provide power to the voltage regulators of the transmitter and also to directly supply
the containing the frequency divider, transmitter control logic and external data input
processing circuits which all share the VDDDIG pin shown in Figure 3.13. Once there
are other circuits powered by this same supply besides the frequency divider, a direct

measurement of the circuit consumption is not possible, but a rough estimate is plausible.

Lastly, an M8190A Arbitrary Waveform Generator (AWG) is utilized to create
external input signals to be provided as data to the transmitter. Although this generator
is capable of providing both in-phase and quadrature signals deferentially, it was chosen by
simplicity to use just single end signals and use onboard baluns to create the differential

signal and thus reducing the number of cables needed to be attached to the PCB.

In Figure 3.17, a flowchart presenting the steps to do output frequency, current
consumption, phase noise, and EVM measurements is presented. The EVM measurement
is not a direct performance parameter of the frequency divider but a representative of
the divider output signal duty-cycle as previously presented in chapter 2. It needs to be
also taken into consideration that the transmitter itself may degrade the output signal
EVM and thus the inferred duty-cycle will be an upper boundary for the circuit actual

performance.
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Since it is already known, through previously extracted circuit simulations,
that the circuit has problems when operating at nominal power supply voltage, the first
measurement flow, designated as "Power Consumption & Operating Frequency Range
Measurement" in Figure 3.17, is executed three times: one at 1.2 V (nominal voltage), one
at 1.32 V (10% over nominal voltage) and finally one 1.4 V, that was the observed needed
power supply voltage during extracted simulation to achieve correct operation at 1.8 GHz.
Phase noise and EVM measurements are done only at 1.4 V supply since the operating

frequency of interest to do this measure is at 1.8 GHz input frequency.

The testbench setup in the laboratory is shown in Figure 3.18a. The equipment
MS&190A in this setup is not connected since it is not used in the current measurement
setup; the assembled PCB is shown in detail in 3.18b.

e 4 T Bar
(% 070 2 0[n° n

lx *n 'ill
i i

(a) Assembled testbench setup (b) Fabricated printed circuit board.

Figure 3.18 — Testbench Assembly

3.4 Measurements Results

Following the procedures presented in Figure 3.17, the obtained measurements
are presented in the next sections. The two samples are identified as "A" and "B" throughout

the presented results.

3.4.1 Input Frequency Range and Current Consumption Measurement

Figure 3.19 presents four different measured frequency spectrum for the bound-
aries regarding the input frequency range for sample A. These represent the measured signal
spectrum at the transmitter output using a 5 MHz observation span, with a resolution
bandwidth of 560 Hz. From (a) to (d), the measurements are as follows: divided minimum

input frequency measured at 1.2 V and which is the same for all utilized voltages; divided
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maximum input frequency at 1.2 V, 1.32 V and 1.4 V. As expected, the measured signal

strength is quite low since goes to the output just through capacitive coupling.
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Figure 3.19 — Observed output spectrum for frequency range boundary.

For each successful frequency measurement, the total measured current is also
taken note. In Figure 3.20 is presented the complete current curve for each supply voltage
for the complete operating range. In this case, the consumption of all other active blocks

is also present.

Since the divider is a dynamic logic circuit, if the leakage current is not
taken into consideration, the circuit should present a current consumption of 0 mA. This
property can be exploited to obtain a better estimate of the divider power by doing a
linear extrapolation (y = max + b) of the measured data in Figure 3.20 and subtracting the
y-intercept point (b), which represents the static DC current being drawn from the power

supply. Figure 3.21 shows the results after this operation.

It can be noted from the measurements that the values are considerable higher
than the obtained from the extracted simulation. A higher current is expected in the
measurement since there are three other blocks, "Signal Bias", "Selector', and "Digital
Divider" as shown in Figure 3.3, which are operating during the measurement process.
Schematic level simulation using wields a current of 18.42 mA, and thus, the measurements
represents an increase of around 30%. This increase in current is most probably due to
capacitance greater than the expected for all other blocks, which also needs to be on, as

occurred in the frequency divider.
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Figure 3.21 — Total dynamic current measured for each supply voltage.

It is observed in sample B, when using a 1.32 V supply, a considerable higher
input frequency range when compared to sample A. This behavior was not expected and

cannot be readily explained since there is no more samples available to determine if sample
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A presents a less than average input frequency range or if sample B is an exception. Process
variation as a mechanism to explain this discrepancy is not believed to be the case, since

this behavior is observed for just one supply value.

3.4.2 Phase Noise Measurement

The phase noise measurement is carried out using a fixed data to ensure a stable
operation at the transmitter output and thus allowing a reliable phase noise measurement.
Figure 3.22 presents the measured signal spectrum at the transmitter output. The signal
generator source is set to output a waveform at 1.8 Ghz, while the measurement equipment
configuration is a 50 kHz span with a 51 Hz resolution bandwidth. Now that the transmitter
is powered on and the input signal for the controller is fixed and different than zero, the
output signal observed is effectively a amplified sinusoid at a frequency equal to f;, /2. The
measured peak is at 899.996 MHz, which is within the tolerance of the signal generator

source.

Spectrum Measurement
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Figure 3.22 — Measured signal output spectrum used for phase noise measurements.

Switching the equipment measuring mode to observe the signal phase noise,
now the setup is configured to observe an offset frequency from the fundamental. Thus, the
center frequency is set to the previously measured frequency of 899.996 MHz and an the
offset frequency range is set from 10 Hz to 40 MHz. Using this setup, both the equipment
DANL and the signal phase noise are measured presented in Figure 3.23, together with
the simulated phase noise of the divider. Comparing this measurement with the result
from Figure 2.14, it is immediately clear that the measure phase noise is much higher than
expected through simulation but this happens due to two factors. For offset frequencies
higher than 1 MHz the measurement is bound by the measuring equipment DANL and

thus is not possible to measure a phase noise better than approximately —135 dBc/Hz.
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On the other hand, when measuring offsets below 1 MHz the phase noise is bound by the

generator signal source as previously presented in Figure 3.16.

Phase Noise Measurement

-50 LI OO0 L ;“;‘[ T ““,[ ! “,““‘[ LIV 0 0.0 .1
-60 e —Measured DANL Floor |
) —Sample A |
I \ —Sample B
o 80
2 \ i fo
E -90 \
% -100 \\’\\ (Rt
© -110 e .~
8)’ -120 N
2 -130 \ \
o N e e
-140

150 A i 1 e S 4 M I S 1) A 1 M W
10’ 102 102 10° 10° 10° 107 108

Frequency Offset [Hz]

Figure 3.23 — Measured divider phase noise and equipment DANL.

Another measurement that can be obtained from the phase noise is the equiv-
alent jitter. The spectrum analyzer utilized provides this functionality and returns the
value in degrees, then utilizing equation 3.1 the corresponding jitter can be calculated.

The obtained result are 553 fs and 537 fs for sample A and B respectively.

RMS
RMSjrrrer = —BGS}MSE (3.1)

3.4.3 EVM Measurement

To proceed with EVM measurements, an external complex modulated (I-Q)
baseband signal needs to be inject in the transmitter. The signal is generated using
MATLAB® with a 225 MHz sample rate and a 10-bit resolution. The bits are then
serialized into a 2.25 Gb/s. Inside the transmitter this signal is deserialized by the block
identified as "External Data Input Processing' in Figure 3.3. Due to the high speed
switching present in this block some problems were observed when running this test. When
inputting an static data the expected signal single tone amplitude at the transmitter
output is observed, but when feeding a signal with the required 225 MHz sample rate the

deserializer was not able to correctly output the data and thus rending the test impossible.

3.5 Measurements Final Considerations

Although not being directly measured due to the non availability of the circuit
direct outputs, the circuit performance seems to reasonably match the expected results

from simulation regarding the input frequency range and current consumption. Regarding
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phase noise, it is not possible to do a direct comparison to simulations since the equip-
ment available to make the measurements cannot either generate or sense the simulated
phase-noise levels. Though it is reasonably to assume that the circuit can achieve the
simulated performance since the measured results can be viewed as an upper boundary for
performance. Comparison between the proposed divider with others presented in literature
is not possible since several problems were encountered after fabrication that heavily

impairs the circuit performance.
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Conclusion

This work presented a frequency divider aimed to a IEEE802.15.4g transceiver.
The design process, from theory to measurements, is shown and discussed. Chapter 1
discussed the motivation and need of a frequency divider in communication systems as
well the possible topologies that can be used to implement one. Comparison between them

were drawn to devise the most appropriate one to fit into the purpose of the project.

In Chapter 2, the performance specifications are drawn and the impact of
each one in the overall system is explained. Section 2.3 details the working principle and
the design process of the chosen topology. Simulation results, from schematic to layout
extracted circuits, were shown and performance limitations of the fabricated circuit that

could not be addressed due to design tools unavailability are explained.

Chapter 3 presents issues encountered during the measurement process and
how they were addressed, then follows with the measurement process and results. As
far as it was possible to compare the simulated and the measured values an agreement
between them is observed regarding power and input frequency range. Although phase noise
measurements are limited by the available equipment to run the tests, the measurements
are in accordance in the offset range that presents similar conditions to the simulation

environment.

Future work comprises the redesign of the circuit. It aims to correct the
operation problems observed in this work and also make the measurement process more
direct. The main change to the circuit design is to, instead of sizing the divider last stage
to drive the output load, add a dedicated buffering circuit. This approach allows for smaller
transistor sizes for the frequency divider overall. Since the divider’s last stage sizing is
reduced to drive only the buffer input capacitance, the transistor intrinsic capacitance is
smaller. Therefore, the size of the transistors from the previous stages can be reduced.
The main goal of adopting this approach is to obtain a potentially higher operating
frequency for the circuit core due to the reduced capacitance. The separation of the divider
and buffers is also important once it allows different power supplies in each block. This
separation makes it possible to measure only the divider core power consumption, which

is the metric usually observed in published works.

The new version of the frequency divider is to be fabricated as a standalone
block with direct access to all the inputs and outputs, allowing the direct measurement
of all needed performance parameters. Also, since the frequency divider will not be part
of a complete system, there will be no other external influence, such as observed in the

measurements obtained in this work.
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ANNEX A - EVM equations for a 25% and
50% Duty-Cycle

As presented in [3], it is shown below how to compute an 1Q signal EVM
when considering different duty-cycle conditions. The LO signals are considered to be
perfect rectangular waves but since the wave at the transmitter output is filtered by a
matching network only the fundamental component of the square wave is considered in the
equations. The EVM definition is presented in Equation A.1 where V4. is the fundamental

component of the square wave in a case where there is no error in the duty-cycle.

1 |1 &
— ) e? Al
‘/ideal N ; ( )

1=

EVM =

A.1 25% Duty-Cycle Case.

The fundamental components for each LO phase in a 25% duty-cycle square

wave are described as:

- 2 .
Uip = ;sm(%)cos (wt) (A.2)
o = Zsin (T cos (wt + ) = = sin (T) sin (wt) (A.3)
01 = —sin () cos (Wt + 5) = —sin (7 )sin (w .
- 2 . m 2 . m
U_19= —sin(—)cos (wt +m) = ——sin (—) cos (wt) (A.4)
’ U 4 U 4
" 2 o 3w, 2 . m .
Up—1 = —sin (Z> cos (wt + 7) = —_sin (Z) sin (wt) (A.5)

An error Aty in the wave’s duty-cycle is now considered for all LO phases.
Also assuming the vector 1,0 as the reference, a phase error of Aty can be inserted in the

equations. The vectors can be rewritten now as:
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s 2 . m Aty
U].,O = ; Sin (Z + T('T) COS (Wt) (A6)
—/ 2 . T Atl m 2 . s .
Upy = —sin (Z + WT) cos (wt + 5) = _sin <Z) sin (wt + wAty) (A.7)
-, 2 At 2
0, =~ sin (% + 1) cos (wt 4 ) =~ sin (Z) cos (wt + wAt,) (A.8)
b 7T ﬂ-
, 2 T Aty 3 2 ™
_ 2 T Yt ain (Mg A.
Up 1 - sm(4 +m T ) cos (wt + 9 ) p sm(4) sin (wt + wAty) (A.9)

Computing then the error vector for each phase:

2 s Atl s
fl0 = —[sin (7 +7—) —sin (- Al
€1,0 7T[Sllfl(4 + T ) Sln(4)] cos (wt) (A.10)
At
€o,1 = E[Sin(z + 1) cos (wALy) — sin(z)] sin(wt)
ot 4 (A.11)
+2 (54 w50 sin(wty) cos(wt)
7.‘_Sln 4 ™ T Simw 9) COS(W
At
€ 10 = g[Sin (z + W—l) cos(wAts) — sin(z)] cos(wt)
ot 4 (A.12)
+ 2 sin(T 4 750 sinfuwAty) sinu)
7TSlIl 1 ™ T S w 9 ) SIn(w
2 At
€01 = ;[sin (Z + WTI) cos(wAty) — sin(%)] cos(wt)
_2. (f_f_ A751) in(wAty) cos(wt) (A-13)
7TSII] 1 ™ T Simw 2 S\W

A.2 50% Duty-Cycle Case.

In a similar manner as of the 25% deduction, the fundamental components for

a 50% duty-cycle LO waves are described as:

Oy = isin (g)Z[COS (wt) + sin(wt)] (A.14)
U_11 = isin (2)12[— cos (wt) + sin(wt)] (A.15)
04 1= isin (2)12[— cos (wt) — sin(wt)] (A.16)
Gy = isin (;T)\/lﬁ[cos (wt) — sin(wt)]|[5p1] (A7)
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Considering that the duty-cycle error is now represented as Ats and the phase

error as Aty the error vectors are written as:

€11 :\/Esin(;r + WATtg)[cos(wAu) + sin(wAty)] — sin(g) cos(wt)
T A.18
V2 T At . T A1)
+—Sln(§ + WT)[cos(wAm) — sin(wAty)] — sm(E) sin(wt)
T

S V2 T Aty

€11 = —sin(§ + WT)[— cos(wAty) + sin(wAty)] + sin(g) cos(wt)
™ A.19
V2 o At . LT ( )
+—sin(= 4+ 7—-)[cos(wAty) + sin(wAty)] — sin(=) sin(wt)
T 2 T 2
€ 1-1 —\/Esin(;r + WATtg)[— cos(wAty) — sin(wAty)] + sin(g) cos(wt)
T A.20
V2 oom At . T (420
+—sin(= + 71— )[cos(—wAty) + sin(wAt,)] + sin(<) sin(wt)
T 2 T 2
2 A
€11 :\/_sin(;r + wﬁ)[cos(wAt;;) — sin(wAty)] — sin(g) cos(wt)
g A.21
NS Ats . Y S ( )
—l—fsm(i + WT)[— cos(wAty) — sin(wAty)] + sm(§) sin(wt)
m

A general expression for the error vector in both cases can be written as follows:

€;; = a;; cos(wt) +sin(wt), 4,5 € (—1,0,1),b;0=0 (A.22)

Thus a general EVM expression can be finally written as presented in Equation
A.23.

EVM =YV (A.23)

To plot the curves presented in Figure 2.4 the phase errors Aty and Aty are
considered to be 0 since this is not the desired variable to be analyzed. The signal period
(T) and the duty-cycle error At; and Atz corresponds to a 900M H z square wave and a

+1% variation.
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ANNEX B - Complete Test board

schematics and Bill of materials

The following section presents the bill of materials needed to assembly the PCB

used for testing and appendix B.2 presents the correspondent schematics.

B.1 Bill of Materials

Table B.1 — Bill of materials for test board.

Component Description Designator Quantity
C1, C2,
C3, C4,
2.2uF (0805) CAP ceramic 2.2 uF 6V + 10% C5,C6, 10
C14, C15,
C39, C4
C7, C8,
100nF (0805) Generic non-polar capacitor C1e6, C17, 5
C24
C9, C12,
100nF (0603) Generic non-polar capacitor C18, C20, 5
C25
C10, C13,

Generic non-polar capacitor

100pF (0402) 21, 29, 6
CAP 100pF 10V £ 10% 0402
C31, C37
C11, C19
10uF (0805) Generic non-polar capacitor ’ ’ 3
C30
10nF (0805) CAP ceramic 10nF 6V £+ 10% C22 1
1uF (0805) Generic non-polar capacitor C23 1
Chip EMIFIL(R) Chip 3-Terminal
NFM18PS105 o ‘
Capacitor High Insertion Loss Type C26 1
D0J3D

for Large Current,1 uF, +/-20%, 6.3 V

To be continued
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Table B.1 (continued)

Component Description Designator
100nF Feed Through Capacitor
NFM18PC104
16V 2A 30mOhm 0603, C27
R1C3D
3 PC Pad
InF (0603) Generic non-polar capacitor C28
C32, C35
68pF (0402) RF bypass ceramic capacitor 0’38 ’
68pF (0402) RF bypass ceramic capacitor C33, C34
100nF (0805) CAP 100nF 10V + 10% C36
Chip Bead for Power Line,
FB1, FB2,
MPZ2012S601A 600 Ohm, +/- 25%, 2 A, FB3
-55 to 125 degC, 2-Pin SMD (0805)
. . J1, J2,
Test point Test point, TH
J4, J12
THT Vertical Pin Header,
TSW-150-16-T-S . .
Pitch 2.54 mm, Single Row,
1x8, 2.54 mm, J3
8 pins. Based on Wurth 1x32 header
20mm length
CMP-1502-01118-1, 61303211121.
THT Vertical Pin Header WR-PHD,
TSW-150-16-T-S . .
Pitch 2.54 mm, Single Row,
1x22, 2.54 mm, ) Jb
22 pins. Based on Wurth 1x32 header
20mm length
CMP-1502-01118-1, 61303211121
Male Header, Pitch 2.54 mm,
1 x 3 Position,
Header 1x3 J6, J7
Height 8.38 mm,
Tail Length 3.18 mm
J8, J9
Jumper NC. Header 1 row 2 positions Jle ’
Header 1x2 Header 1 row 2 positions J11
THT Vertical Pin Header WR-PHD, J13, J17,
Header 1x1
Pitch 2.54 mm, Single Row, 1 pins J22

To be continued
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Table B.1 (continued)

Component Description Designator Quantity
J14, J15,
CON-SMA RF Solutions SMA female edge mount  J16, J18, -
EDGE-S jack for 0.060" thick boards J19, J20,
J23

Keystone 5104:
Air jumper miniature SMT J21 1

air jumper (12.3mm)

R1, R2,

10kOhm (0805) 4
R3, R6
TT Electronics 84 WRI10KLFTR
multi-turn trimmer potentiometer
S4WR10KLFTR R4 1
model 84, 10 kOhm,
1/4 W, 12 turns, 10%
4.7kOhm (0805) R5 1
R7, R14,
1kOhm (0805) R15, R19, 6
R24,R28
RF termination resistor.
Susumu RG1608P-221-D-T5, R12, R17,
2200hm (0603) 3
RES SMD 220 OHM 0.5% R26
1/10W 0603
RF termination resistor.
Y. RC0402JR-07100RL,
1000hm (0402) A8co R20, R23 2
RES SMD 100 OHM 5%
1/16W 0402
1000hm (0805) R21, R22 2
ELD802.15.4¢g IEEE802.15.4g radio U1 ]
v2017 transceiver. Version 2017
Ricoh RP132S5241B-E2-FE
RP132S241B
2.4V Low Voltage 1A U2 1
E2-FE

Voltage Regulator (LDO Regulator)

To be continued
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Table B.1 (continued)

Component Description Designator Quantity
Ultra-Low-Noise, Low-1Q LDO, 0.25 A,
LP5907MFEFX- ]
Fixed 1.2V Output, 2.2 to 5.5 V Input, U3 1
1.2/NOPB ]
-40 to 125 degC, 5-Pin SOT-23
LP5912 Texas Instruments LP5912 500-mA U4 ]
1.2DRVR Low-Noise,Low-1Q LDO. 1.2 V
Microchip MIC5309YD6 low Vin/Vout
MIC5309YD6 300 mA high PSRR ULDO U5 1

with ultra-low 1Q

Johanson Technology 625 - 2815 MHz
1720BL15B0 , ) . U6, U9,
wideband balun,1:4 impedance ratio 3
200E U1l
(50 Ohm : 200 Ohm)

Murata SMST18XX series

SMST1804 RF transformer.
U7, U8 2
NA-005 4-Ohm on low-Z side to
50 Ohm @ 800 MHz
[2C-Programmable Any-Frequency
M lock t X
Si5351A_B.GT CMOS Clock Generator + VCXO, U10 ]
2.5/ 3.3V, 0.008 to 160 MHz
Output, -40 to 85 degC, 10-pin SOP
X32255B2 K X3225SB SMD
CX32255B250 yocera CX32255B S KTALL 1
00DOFFFCC quartz crystal; 25 MHz, 8 pF

B.2 Board Schematics



82

COMPLETE TEST BOARD SCHEMATICS AND BILL OF MATERIALS

ANNEX B.

B =
>
Z 2
% %
0 fal
. = o
wd qaqa va aas o1 = =
a1 01 1amod A k] kol
oat1 — —
o sasseddg zat = =
AS'S PUE A 7T UAMIAQ A “ A ‘Teudis INA 2P
2QISWALAAAA Vd pue 2103 D]
BI31p 20 JO (SOQD S0z > = Jof sapeay jutod 159,
‘ Graaor 58[0A PIEOQ-TI0 A 0} Jom0d _ _ _ _ _ _ _ _ _ _
4 B (ot i R
AVATAT <F—] L _M&z o A
AVATAT < —> A1ddNS TV.LIOId ‘pa1dnoo-p(q ‘[ewalxo ue Apoaxp Q PUQUULyULEoDg<erLrEEEESE R "
‘ \ J0ouTIon osfe Ty oredoxdde se 10j0¢ w00 Z ZESEEEZEEFFAIOOE EngEgagy m i
—>aaa Todum( & Suroed Aq 20m0s }o0[0 paitsap = 0E 2 oo Rl ol Slole BIEIS Sl Eini sl - ___QZO
5, = % = w | a1} 10310 "monoayas ndur Yoo 1RIsEN 4 m m,l m m @ m m o m m W ,M,M H,N V,m m,m JN,N >
= = == === &/ l,lmllo,L,lI,l,r_,I oo N lauia v o ___QZO
Nlamlula bl s O 3
=z —
ol | 122 =l o g NDay ——— [8 4
s £ I S| e e 8100 ova i 0 NI OaV —=—
||~ B € 5 = =
21212 2 M 5 TS S5 L Kt o FEuC T >0 aas ol
il = : — e Ao 0aan —= > Azl
=EEEREEE S QAdA OI<———&— T .adA Of VIO —
SECIO | 7P E pesllat il s _ QiAl<———— Tada asSA DAV —; — |l axo
1EE | [zl 2 1 AQAY <———7— 1 QA LTI0T aqaA’oay —¢ > ATAl
v v ﬂ — 100 T T1d SpecT” %%m»wwmu s i
> =—— 1004 TI1d .—u mﬁ Ncwngm oav NATIA DAV —5
= €4 TId TI1d JIIA OAV —
| S i i [ St T ON NNIA OQV
ano adaa Td ANIA_OaV
000000000000000000000n |, o WOA DAV o
3 ST TN S LOT0ST 3 AAA Ve —— =
WU WL W 75T CTX1 (5-LOT-0S-MSD ([]¢]) Jopeay Wopog Zomw.»_ M WW N NIOT Vd O NLOO OuIDE —
NoT v T 40 100 J¥Ed o |
T N oAV Vi 50 T NMU1D099 T NINO DVIOEd —¢ ___. ano
- N ONI DMV Vd AT dLNO OUIDEH
NG Y Y4 L | § ONI DMV VA 8
JON OBV ¥4 9 | N INT oM v SYIE TVNNALXH VNT | 1 |
N o L INDOMV VI <m _ QA VNI t ___4 ano
L T 0 ¥AT VAQA Vd NI R VNT 1
’ W 2 TPAT VAaA Vd & NI ¥ VNT
L AT vaaa v i e Y 0'aary =y
ano _lh m £ON RILY NIV VNT [Irano
B
(T11) Topeay dop L10T-3Y'ST'208QTH FEE  mmEy woEuBE o 2
B W T 5T “$XT (S-1-9T-0ST-MST) n o ,V,V,l,l ® & g = z m a wNv W |
. [ XYYYY | gS5. HEER | 3EZERRR oSS HAXTIN
| 99 S55w RRIgE ] 252680, 23
ZEE2 mm Al I,MWM o + VN1
_s_L9 o ===8, 5555, | <5522 gewq
o o BEBASSSRAZ24 mqal,l,b,b EEEE
S S [ ] L | 25 E
W W I \ I
>E > 1w ESIES ] b e e O I R Bt B B P M B
el =] 1=} S
2e | | B BERERREES BN
=11 MR sasodmd 1noKe] 1o} papumor3 - - M Az L J
'z 'zl are swmd ¥ N 2SAUL = = I = =
= ao = 8 [elelle ano ano
IND S = 15151915
S
VVAVAT =
\ S
v o
oat1 4 (® (
preoquo oy sassedds VVZAT AT
wd yAT VAAA Vd g =] 15 T
pmog A 01 MO m m = =
ano ano

m
r
Q
]
2
D
Q
0




83

COMPLETE TEST BOARD SCHEMATICS AND BILL OF MATERIALS

ANNEX B.

+
R =aesar R ! ano ano ano  ano
_ Mgz | vor | oz | oz _ “ B QI@.O ano ano = = e
..... oo mmmmgmmm e mmmmm e _— — =
_ %o | iy |l | oL _ 1: | E Lo 5 5 E Z z
..... S s e i it 4 S 1& = = 1]
P o | ava Iz [yoL | oy | [} Ml_l_H gL +w T amun__llm mwu+m %m
—_ = |~==-- 4mmmmmm fmmmmm dmmmmmmmmm | | g L 2 Hlfsmmsﬁm: STl g e g 8 €0 2
g M | o4 | a4 | ey | douwray | AAas va i \AAAS e =
g I_| :o[durexs 104 “s3uer 3e)[oA Suwes oY) SSI[ 10 — q
= = 8 o 2 Q10T dABIOR SUORUIUIOD I0)SISAT ) JO IqUuINU Y | avdzal _
2 g 2 SIA[00[0 SaseaIouT | 1 aaav — azAl CRRLCELRY
" PR S AYE T SR EN, ' ud qAAAVd 10§ I sud wopajoad s wd FHUOAOH 10§ sdv2d
= z oN-Td- 1/0” AAAV 10§ sdedaq
& 538 Q + TonmIIR e = 1 - |
= “otaym. 5
m | — AL+ 24/10 « SLLO =1NOA “ ano aNo aNo QW,J :Mo QM,J
R :£q w2413 st 23e)j0A SY, “IoUIILY — — = —_ - T T
oo oy Suisn a3e)joA (AAAA Vd) INOA 2q 1snpy - = = arp o 2sopd Afearsiyd g S W
BEy aND ] g H g are Koy eoms OO0 OO0 [OE
o ] s . 0 B0 2§ g reqs ——P> 2 . ——
g Z = o | % Jiw & @ 2 deoap aures oy areys e P
e = ano = 2 E 8 N 2 PIod 0 AQA pue 81D B LD 291D e
19 M L B S == i o ] ] ] 2 T visszioczan 0 AAAV suid ;20N _ = =
2l» 3 A I g = 1 VAT VAdA vd TNAAAST
2 = sIo=— o) - E Tdd Aw
g T, 228 L | _ _ VVrAT i
2 m_ 1=, | suid pAT VAAA~Vd 10§ 1L e . R
22 4
oxt ey [ AVARE N e odT avaeal | 25 |
g
_N ﬁ_ <| 1noA NIA (< $ = ]
\Aw 1 SYIE ] ano aNo  aNo  aNo
AVATAT IVOENO 9AR60ESOTN A \ | ano aNo aNo = = = =
sn 3 ATddNS TV.LIDI = = = s s 3 5
| g 5 5 ® [OfF [ O
avdTAl ow } | 3o Ego B ao Sul_lm l_lm T8 AT18
S 1350109 01 13post £X1 2 251 2P o L ) g [5° 2" 2 g sd]JE sall2 a1
2 2 8 & g g
” o 2o “deoay ] &[] & 2 T viosszioezan
A71ddNS TVLIOIA U GES SVIGIPHE NIA. i I ICCCCI@
Arddns A 7'1 [ensip srqeysnilpe sogidue omod “ N N— VVATAL aaa o1 0 ada o1
o { § sud 7/1/0” QA O 'TV.LIOIA
| a0y sdeddq
“(ON) Pa10atmo Afjeuion a1e
crdng o oo oo e ] pn ! Speaq NLLIdY puk sdeddp) SuLId)Iy 1IM0J
29 osfe weo Aoy, res somod aaoadsar I P P P P P,y —y——— — 37—y —y—y———p—— ]
T3y wox/01 SO’ A TUODSIP/}02UU0D
01 s1opeay sodwml 3ty as)
\ _ oa1 O>ﬁuoa~m0u ) 03 3SO[d ODN~Q ”mucﬁomﬂmu onueIdd %ﬁ:@mnm WENN_
ano
= ano  ano ano
ano aNo  ano = ano ano - aNo  aNo = ano
—_— | 5 1 =1 i REILEINIRY aNo . —
_ _ Es 13 Is d [erajur =
© R 232 > . GH QD i ] e N BRI z ©
18 ano ano a g Gosnyire 1 Lea Nl ——— i g e [° [
ol ON o rl| 2 YO < ¥ Nd OQ1 VVJAL |_lmn 03 aND o =it
ON wodumy | g F T~ N 0d1 VVAVAT |_| g o |_| ON |~ Cl_lw g |_| g ON Nd lﬁl g
3 2 radumy i { “sodumy 2 2
o mH——rjnon  aar _ e ] [ 2 T | ’ 11
Awl o1 HA-TH-A1YTSTE LI e T} - NN (— c 1 = S | LD b 1 =
VVAPAT o0 61 MANAT 121684 T 8t AdON/T T-XANL06SdT

Arddns A 7 Soreue soyrdure JomoJ

X1dd0S vd

Apddns A 7°7 Soeue soydure ramog

ATdd0S

vd

ATddns TVLOIA
Addns A 71 3103 [esiq

S.10)8[N33.1 I3E)[0A p.aeoq-u()

ddng - 91€00

JImod pue

D

£

2
m
n
0
o]
D
D
0
0




84

COMPLETE TEST BOARD SCHEMATICS AND BILL OF MATERIALS

ANNEX B.

]
ano I aNo  aNo W
g | e
p— | & o l
(5080) WO l_l & LLIE z ”
i o (e eOMLg ANCL “ e=[T]g*® 1OEVIsEsls = -
A LT 3 S —— e
= | < & "
7 | OdaA NED D | ST @ g m
1 - (covo) g9 8 | dda Nao I T =
e N NIOT vd
3 :_.ozu g £ | ¥a5 00 Nib WD %] as m
O i o1 T M _ 8€0 2 d NIOT vd " TOS OCl NaD A1 b g
\ F00coasTTHOZLT L DZ@.__TUHA aNo IOH 'ul|m| ax WD — [\
n @00 WO000LS gn | am| () IO | g gy g V25 0D =7 D qavoano w
(5080) WONI- s ] 004440A000STASSTTEXD 010 =
et TXT BPRH | ZHIN ST TTVIX
= (=
W H ano | w
y § g c <
ano ano svigaio1 | | ano QIMI,V —
5 Tojstsa1 Todwnl (NS WYO-) | ) i g Ts 1
5 ey toyoedeo satres syt aoerdar [ seiq oy ssedfq of E o
g i 1 q | g ] A
- : 3 g (
22 = \ TeusSts IO NI DMV Vd Aouanbay-ysiy ot 10§ — m g —
(zovo) adoor | TOTJRUITLID) PATOILUI TWT(Q-( © SE OS[E SIATOS [ SBIq STy 2 =4 <)
_ S Treur P 10 1! 1q STOL — ; sadunitiry 3 P4
1 | 1O NI OMV Vd | \ [ __||J = = |15 OFud HOH IXd ~~
L€D 9€0 g »
SEOATVS-NOD m ] SEOATVINS-NOD s 2
oz ozl s ano 611 El &
g = | I3 =]
MN( = aNo ] ndur o070 ,m 2 =]
= 19]SeW [BUIS)XE &)=
SVIg NIOT] = | ASEEIEE RN g
(5080) WONI: S
SeI( [euoL 1 serl BUorn)
axo 1 seq euondo ond ooy NG | I seq reuondo o
= ano STd ] »
T ; 3 I 3902 (3103 [€3I3IP) IAISEIN] ')
_,_ S v (cor0) 389 2 L S S S — =
Il 38 N ONI OMV vd
= ___azo M” E mmﬂuomﬂzgm. b=\]
O— ONT BAY il mu_ s€2 _|j NEINAT] o7 =0 ZH 008 < 0 Surynd go siqedis -
H00208S ITH0TLT L il 3d 66 = O ZHIN 00 - SLY J 21 s[oad] 1omod oty
B 0] ©aq jou
LW p p— . - R —— . g | DAY
8IL e 9T de) 10ju00 2y Pue (LA~ O] U924112q I0JSISI WY()-(S € IS 0} JARY OS[E NOK. s sojedes L e
(5080) :mo_vm T -punois o) yred e opraoid Apeaife s10)s1sal WO~ T WS PUNoIs pue = - W.ﬁ%%w_mmﬁsﬂwmw_ﬁwﬂ s NS -TIVAIE
- —_ ngeq o Jo de) 12120 ) WAMIA] IOJSISAI AT da0waI g nondo Futsn TAA Rl it 8&2«%_ | [ g 1SS
|* = 1ep 31 01 BupI03Y i 0
IO oMy it aan sam[ea rojstsar o SwAe Aq S[PUES 110 XL Vd - | oy Swssed&q g1 Ao esp
£ 9 - 1 ows 1 ATI0
ay) 03 sarjdde osfe 2o1ApE SIY], "10ISISAT WYQ-(QT SY} JUNOW J0U Op / speusis [NO un% Vd
* uondo Sursn ] SI0JSISaI JuNYSs WYO-00] Y Junow Jou op ‘| uondo Sursn 3 ~ ~ oy 10§ [euondo
CMC (eov0) w%w 1] o) Mﬂm@w L] ST )I0M]OU UOHRUIULID],
- ano uO-0g Jo souepadurr o i W
= [PHUSISIIIP 9ATI0OJd U UI ST JeT)) SIOJSISHT JUNYS JO UONLUIGUIOD AUY “¢ o | |
o —_ “PUNOIZ PUE [OTEIq [OEA U2MIS] PAJOSTTO SIOSISAT TQ-00T “T SN =g m
5030 ﬁwm “SaYoURIq N PUE 1) U20M}Aq PAJOAUTO I0JSISAT WYQ-TT 10 00T 2UQ ' S|ES | aNo ___ 12 =824
ano (2ov0) w000ty ANA suondo Suimo[[oj oy 2uo £q paunioy (sTeudis 11O XL Vd 2 Jo 2580 a1 Kl = T |8 N2 &
a— €I UL uO-00 ) OMIOU UOHEUTILIL) (JEUruon) wWO-00T & ALY NIOT Vd Pue 2l 2% &
ONI DMV Vd INI DMV Vd s[eudts [enuae)yip Lousnbay-ySiy oy :910N & mlu.. | ano __:ll an o W a
= f: 5 =
1 (zov0) 4489 3 2 mm <l © mm S &
=] —_— = —IC ]
Il ___.a_eU ms g N INI DAV vd 5 ana B ]
m £ O 5] R AR &G is (20v0) Y0001 {cov0) S
a L 2 (=}
1 INI DAV T = 2 W —va oTd o — £
H0020aSTTAOTLT “L d LNo X1 N 1no X1 &
m.uonm@.%,_m.w 00 9N @0v0) _a_owﬁ NG /) m m p
(5080) WO e E | jm 0
b 4 o I =+ PRAIST SIOJSISAT £090 TO-0¢Z Busn a1e s P o mzo.__vlm o k= S
Al - < - = =
‘a1 Todwm( e ySnoxy oSeyjon b <\|m aNo :M.Hmw_”.w:o: uaum_ww ,:m _QM_MN& mwwﬁm & 4 K o} m
oI A1dde 0y stapear md oy as) SVIE INI DMV €If o 10006250 %P CARY PIONOM o 3 ¢ 0




85

COMPLETE TEST BOARD SCHEMATICS AND BILL OF MATERIALS

5 WEAE e EAE  OAS OAS prere—
A€ A€ i
AAA A A A ﬁ [—
- 5 5 e sl e}
A A i Ala oA
o
] @ > 1% ©|2 1000 Wod aNo
S A AE 188 62 o [, !
> = > il 54 > 2
JOI ~ YOI ~ aNo ano ang  ang) ang| axe 82 Son sz
=, = | ==l === 1z wous oo
ipesh il o lal=i=lel=le o
SRk E R R EEr R RS N e
S| lal el tal e m B0~ onmd oo
EAE SAE EELI7Elelelele| ” 2|z m ENENE 92 M, nllize
o101 ouTy oM S PEEEE! | RIEl (2] | (2l [ ao .| _l g Tow T2
PINOYS WIOY O PUNOTE SAN[EA T0JSISAY <|=le =l =l ol & 5 3 C 3
‘woyeoNITos 7] 105 surd wojsno SIERE o3 SRE LR I
10 T0jsEW )] JUSISHIP & SuIsh 1 ‘sour] O] 3| 2|2 e g [ e e .I_ | axo
a1y uo papasu aq JySnw s1oysisar do-[ug =5 ~|a
(1as) 030 (1) 3108
2|2 [T vows VT
> 9 sow Gsloon et
aNo o (ds) 150W
Ni.....-..k..ZZZZZ...&..ZZ...... I 'l e wows  TL
e
(Hg) 1opeoy wonog o1 S oo \Sﬂu
v vows tow €
ao | _I punos. zowo g
T Adnaved oo 0
o wznﬂ.u oy punossy .I_ _ + AND
(H1) 1epeay dog, st St loss L
aNo o ©2) 1108 —_—
S 00004 1 'l r soa 6 [0S ol
30005 e 8 o
sl - = o=
=PRI Sands sonee o
EllE 2 oo T
> m > (1apeaH gr) | 19pOW € Id Auaqdsey
e
S|~
© v
i 2 Ve
2] 0AS G
ANS
AA/ y
0AS 0AS 0AS ¢ .
AS 0AS (uo-1omo0d uo D[ e1A pamSyuod

2q Isnuwr yorym) yo0[0 d[qewrueiord preoq-uo Y} wolj paxoo[o 2109 [ensi( -

‘(A £°€) preoq ¢ 14 A11aqdsey ay) woi Furwod a8.)joA O/ -

preoq ¢ 14 A11aqdsey oY) woly Sawod sO] preoq-uo ayj 10y Ajddns ayJ, -
‘(sO1) si01en3ar

93e)j0A pIeoq-uo JYy) woyy paromod s11s3) 1pun DT £102-3%°'S1°208A1d YL -

‘uoneI3iyuos 1eord£) oy 10y ojdurexs oFesn B moys moyaq swerderp oy, ‘(pasn
2q ueo aremprey Suntoddns oo ySnoy) 1eyndwos preoq-o[3uls ¢ 14 Axeqdsey
B [)IM UOI0UN[U09 Ul pasn 9q 0} pauSIsap sem pieoq 159} raryrjdure romod siy g,

oausoos B

Jjdwexd dgesn pue dnjog

ANNEX B.




86
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Circuits and System Design (WCAS 2017) at Fortaleza, Ceard. The paper also received
the Best Paper Award.



Low Phase-Error Differential Frequency Divider for Quadrature
LO Generation
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ABSTRACT

The Local Oscillator (LO) generation block is a key component in
a transceiver architecture. Besides phase noise, LO impairments
such as duty-cycle reduction and phase imbalance produced by
the LO divider can severely degrade the spectral performance. In
this paper, an alternative LO frequency divider implementation is
proposed, providing reduced phase error between complementary
and quadrature LO phases with a reduced power consumption
given by a True Single Phase Clock (TSPC) based implementation.
Using a CMOS 65nm technology, Monte Carlo circuit simulations
show a worst-case phase error of less than 1°, with an output noise
better than —163 dBc/Hz (at 40 MHz) and power consumption of
0.218 mW/GHz.

KEYWORDS

Local Oscillator, Frequency Divider, Low Noise, Low Phase-Error,
RF

1 INTRODUCTION

With the current outlook of billions of new devices being incorpo-
rated into the network over the coming years, it is evident that the
Internet of Things - and its foreseen tremendous number of appli-
cations — will have a huge impact on both economy and society.
Though battery lifetime has always been an important aspect of
mobile communication devices, in particular to IoT and Wireless
Sensor Networks (WSN) the power consumption should be on par
with the expected device’s lifetime, otherwise the impact in com-
munication reliability and the excessive battery replacement costs
would simply become prohibitive to most applications.

Since the power budget in wireless communication devices is typi-
cally dominated by the radio frontend, a drastic reduction of the
transceiver impact has been a major goal in the past decade. How-
ever, especially regarding transceiver frontends, the clear trade-off
between power consumption and performance metrics (e.g. radi-
ated output power, linearity, sensitivity) places difficult challenges
to further reduce the radio contribution.

The Local Oscillator (LO) generation blocks have always been
among the top contributors in power consumption, typically due to
stringent phase noise specifications. Moreover, besides phase noise,
other impairments such as duty-cycle reduction and/or phase imbal-
ance between the different LO phases can also severely degrade the

Eduardo Rodrigues de Lima
Eldorado Research Institute
eduardo.lima@eldorado.org.br

Pedro Emiliano Paro Filho
School of Electrical and Computer Engineering
University of Campinas
paro@dsif.fee.unicamp.br
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Figure 1: LO Generator top-level schematic.

spectral performance in cartesian architectures. As a result, register-
based divider implementations are not completely suitable for LO
generation, since the inverter delay at the complementary output
produces phase deviation between complementary LO phases. By
extension, other power efficient single-ended topologies (such as
[3]) fall short for the same reason.

In this paper, an alternative LO divider topology is proposed, which
combines the True Single Phase Clock (TSPC) topology in a differen-
tial LO divider, providing reduced LO phase deviation and improved
output noise performance with minimized power consumption.

2 DESCRIPTION
2.1 LO frequency divider

With a simple and compact implementation, TSPC dividers are
well known for their significantly lower power consumption when
compared to their current-mode logic (CML) counterparts. Though
their application was first limited to relatively low frequencies,
the speed improvements provided with the constant CMOS down-
scaling allowed for TSPC logic gates to start replacing CML logic
even in high-frequency applications [2] although not providing
true differential outputs. To solve this problem a new version of
TSPC divider was proposed in [1] with a resistive coupling between
stages to generate the complementary outputs.

The top-level LO divider schematic is shown in Figure 1. A com-
bination of two divider blocks in negative feedback are used to
implement the quadrature frequency divider. The input signal for
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Figure 2: Divide-by-two cell schematic.
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Figure 3: Timing diagram.

the dividers are complementary clock signals, which are typically
provided with a balun at the input (potentially incurring phase
error).

2.2 TSPC-based differential LO divider

The circuit uses a topology that combines the traditional TSPC basic
blocks as first described in [6] and a cross-coupled structure for the
input stage as shown in Figure 2, comprising a total of 18 transistors
in the core circuit. The use of a cross-coupled pair in the input stage
natively creates differential signals without the need of inverters as
commonly used in other topologies. The signal is further combined
with the clock signal in the two next stages creating the desired
divided-by-two outputs in the nodes outp and outn. As in TSPC
topologies, there is no static power consumption.

The inverter is added at the output to provide drive capability
even when the output nodes outp and outn are at high-impedance
state (Phase III-Figure 4). It is also necessary to implement the
reset capability by adding two more transistors, to ensure that the
circuit will be correctly initialized. For the sake of circuit symmetry,
dummy transistors are added to make the capacitance on both
nodes approximately the same, totalizing 26 transistors.

The timing diagram for the proposed divider is shown in Fig-
ure 3 and the logical transitions in the circuit for a divide-by-two
operation presented in Figure 4. The input stage is active in the
low level of the clock signal, creating a 50% duty-cycle signal in the
node n1 and a delayed version by one clock cycle in the node n1b.
These signals are used as a mask for the clock input signal in the
second stage creating 75% duty-cycle signals in nodes n2 and n2b.
As an additional feature, these signals can be used to derive 25%
duty-cycle LO signal, as commonly applied in recent transceiver
topologies such as [4]. In combination with the clock signal in the
third stage, the output duty-cycle is brought to 50%.

The proposed implementation is designed for a targeted output
noise density lower than -163 dBc/Hz with minimal phase error be-
tween LO phases and minimum power consumption. It is important
to note that in closed-loop (as shown in Figure 1), due to setup-time
violation, the clock-to-Q delay is a very important limiting factor
defining the maximum operating frequency.

3 SIMULATION RESULTS

The proposed LO divider is implemented using a CMOS 65 nm
technology and integrates a full RF transmitter frontend designed
for low-power (IoT) applications operating at ISM 900MHz band.
Area consumption after full-custom layout implementation is 31
pmx 43 ym.
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Figure 4: Four phases of a divide-by-two operation.

Figure 5 shows the simulation testbench used for performance
assessment. Both transient and periodic steady-state (PSS) simula-
tions were performed to evaluate the respective phase error and
phase noise on every output. Worst-case performance was also as-
sessed with circuit simulations considering every corner provided
by technology.

Monte Carlo simulations (thousand runs) were performed to
evaluate performance robustness regarding phase error between
complementary outputs (as defined in Equation 1) and quadrature
outputs (as in Equation 2). As demonstrated in Figure 6 the proposed
differential architecture keeps the phase error smaller than 1° across
the whole input frequency range.

Complementary Phase Error = |¢(I* /Q%) — ¢(I"/Q7) — 180 (1)
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Replica
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Figure 5: Testbench configuration
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Figure 6: Phase Error (Monte Carlo) showing max. deviation.

Quadrature Phase Error = |¢(I/Q) — #(Q/I) — 90| (2)

Designed for a maximum output noise density of -163 dBc/Hz,
Figure 7 indicates a nominal power consumption of 0.218 mW/GHz
(worst-case 0.2366 mW/GHz in FF corner). For all input frequencies,
sensitivity simulations (Figure 8) demonstrates that the required
input swing is well below the technology’s supply voltage (1.2 V).
All performance requirements are met from 0.6 to 5 GHz (4 GHz in
SS corner).

Finally, Table 1 summarizes the LO divider performance char-
acteristics in comparison with similar examples from literature.
Overall, it should be noted that simulation results indicates an im-
proved performance comparable to more complex topologies (e.g.
[5]) while keeping a small area and reduced power consumption.
Even though the presented results are derived from simulations, it
is believed that even a large degradation due to unpredicted par-
asitics would place the obtained phase error performance among
best.

4 CONCLUSION

In this paper, a differential TSPC-based LO divider topology is
demonstrated. Implemented with CMOS 65 nm technology, Monte
Carlo simulations indicate a phase error smaller than 1° (including



Table 1: Performance Summary with other state-of-the-art examples

Frequency Phase Error Output Noise
Reference Tech Topology Range (GHz) Power (mW) (Degree) (dBe/Hz) Area
(meiil]ne & OCIISISISn TSPC Divider 0.6-5 12@3 GHz <17 N/A 160 pim x 160 pm
[5] 40 nm Quad Dividers  0.56 - 2.92 16.5@1.97 GHz ) 132.4 @ 1 MHz 0.15 mm2
(measured) CMOS (VCO +1/Q Gen.) (1.97 GHz) (VCO + 1/Q Gen.)
This Work 65 nm Differential
(simulated) CMOS TSPC-based 0.5-5 0.392@1.8 GHz <1 <-163 @ 40 MHz 31 ym x 43 ym
12 [2] Zhiming Deng and Ali M Niknejad. 2010. The speed—power trade-off in the
. design of cmos true-single-phase-clock dividers. IEEE Journal of Solid-State
jy Circuits 45, 11 (2010), 2457-2465.
E [3] Song Jia, Ziyi Wang, Zijin Li, and Yuan Wang. 2016. A novel low-power and
st high-speed dual-modulus prescaler based on extended true single-phase clock
g logic. Circuits and Systems (ISCAS), 2016 IEEE International Symposium on (2016),
= 2751-2754.
E_O.S [4] Pedro Emiliano Paro Filho, Mark Ingels, Piet Wambacgq, and Jan Craninckx. 2015.
5 An incremental-charge-based digital transmitter with built-in filtering. IEEE
2 Journal of Solid-State Circuits 50, 12 (2015), 3065-3076.
8 0.6 [5] Heein Yoon, Yongsun Lee, Younghyun Lim, Geum-Young Tak, Hong-Teuk Kim, Yo-
= Chuol Ho, and Jaehyouk Choi. 2016. A 0.56-2.92 GHz Wideband and Low Phase
q;) Noise Quadrature LO-Generator Using a Single LC-VCO for 2G-4G Multistandard
° 0. Cellular Transceivers. IEEE Journal of Solid-State Circuits 51, 3 (2016), 614-625.
o [6] Jiren Yuan and Christer Svensson. 1997. New single-clock CMOS latches and
flipflops with improved speed and power savings. IEEE Journal of Solid-State
0. Circuits 32, 1 (1997), 62-69.
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Figure 7: Simulated power consumption across corners.
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Figure 8: Simulated input sensitivity across corners

corners). With a power consumption of 0.392 mW at 1.8 GHz, the
LO divider provides a better than -163 dBc/Hz output noise (at 40
MHz offset), proving to be a viable solution to LO generation in

advanced wireless-communication frontend implementations.
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