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Abstract

A Cell-Based Design Methodology for Synthesizable RF/Analog Circuits

by

Young Min Park

Chair: David D. Wentzloff

As CMOS processes scale and digital gates become faster, it is practical to implement
precisely-timed digital circuits switching in the GHz range. As a result, traditionally analog
circuits have moved towards mostly-digital designs, utilizing accurate time control and
digital signal processing. Recently published all-digital architectures have shown several
advantages over conventional analog circuits in terms of area, scalability, testability, and
programmability. This thesis proposes a cell-based design methodology for synthesizable
RF/analog circuits, where all functional blocks are not only implemented in all-digital
architectures, but they are also described in a hardware description language, synthesized
from commercial standard cell libraries, and automatically placed and routed using design
tools. This cell-based design procedure significantly shortens the design time, and

enhances portability of the circuits for various applications and different design nodes.

Xiil



A cell-based digitally controlled oscillator (DCO) is proposed as a core block for
synthesizable circuits. The DCO consists of tri-state buffers from standard cell libraries,
and the frequency of the DCO is digitally controlled by turning on/off the buffers. Instead
of custom layout, the buffers in the DCO are automatically placed and routed (P&R), and
systematic mismatch from automatic P&R is modeled and utilized to characterize the DCO
in the design phase. Calibration schemes utilizing systematic mismatch are also proposed
to achieve higher DCO resolution.

This thesis presents an ultra-wideband (UWB) transmitter, a time-to-digital converter
(TDC), and a PLL in 65nm CMOS technologies as prototypes of cell-based circuits. The
UWRB transmitters embed the proposed DCO to control the center frequency and width of
output pulses in the 3.1GHz-5.0GHz UWB band, and the measured active energy
efficiency of the transmitter ranges from 12pJ/pulse to 19pJ/pulse. The TDC adopts a
cyclic Vernier structure, where two DCOs are oscillating with slightly different periods.
The resolution of the TDC is the difference between two periods, which is measured as low
as 8ps. The prototype PLL adopts the TDC and the DCO, and shows 3.2ps:ms of period
jitter at 2.5GHz output frequency, which is comparable to state-of-the-art full-custom

ADPLLs.
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Chapter 1

Introduction

1.1. Background

1.1.1. Digital vs. Analog in nanometer-scale CMOS Technology

The evolution in CMOS technologies has been mostly driven by demand for digital
circuits. The process scaling has been necessary to meet the requirements on speed,
complexity, circuit density, and power consumption, which all results in reduced cost of
digital computation. With the introduction of nanometer-scale CMOS technologies,
however, analog circuit design faces challenges due to the reduced geometry and limited
supply voltage [1-4]. These challenges include degradation in device matching and
increased power dissipation for comparable analog performance in the advanced processes.
Also, passive components are typically required in analog integrated circuits (ICs);
however, they have not scaled as aggressively as transistors, preventing significant density
improvement of analog ICs.

Fig. 1.1 shows the energy efficiency of digital gates in advanced CMOS processes in
terms of an energy-equivalent number of gates compared to analog-to-digital converters
(ADCs). For example, a single conversion of a 10-bit ADC consumes as much energy as

100,000 digital gates in 90nm CMOS, and the number is expected to be significantly
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Fig. 1.1. Energy-equivalent number of logic gates as a function of digital feature size
and ADC resolution in bits [6].

increasing in the following process nodes. According to [5], the relative energy cost of

digital computations has reduced roughly by a factor of ten over the past decade.

1.1.2. Digitally Assisted Architectures

In this environment where the relative energy consumption of digital computation is low
compared to analog circuits, it is beneficial to use digitally assisted architectures to relax
the complexity of analog circuits, thus saving power consumption, and to take advantage of
digital circuits to compensate for non-idealities from the simplified analog circuits. ADCs
were one of the first to adopt digital signal processing to enhance the performance of
analog circuits in advanced CMOS processes. Some examples of compensation through
digital circuits include linearization and mismatch/error correction [5-12][60]. Fig. 1.2
shows an example of a digitally assisted ADC where a post-processor compensates for

inaccuracy of the ADC [60]. The residue amplifier in the pipeline ADC is replaced with an
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open loop amplifier, reducing significant amplifier power while the post-processor adds
relatively low power as shown in Fig. 1.3; thus the net power consumption is reduced by
adopting this architecture. Fig. 1.3 also shows that the additional area occupied by the
post-processor is only about 20% of the ADC area.

Other areas have since followed, such as digitally assisted RF circuits [13][14][61-63],
electronics for audio [15], and others [64][65][67]. Fig. 1.4 shows an example of digital
predistortion for a power amplifier (PA) [14]. In cost-driven applications such as mobile
handsets, implementing a linear PA, which is often inefficient, is not desirable. By
adopting digital predistortion, it is allowed to implement a nonlinear PA which is efficient.

Other analog circuits such as image sensors [64], voltage controlled oscillators (VCOs)
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Fig. 1.5. Frequency synthesizer with digital calibration technique [67].

[65], and charge pumps [67] (Fig. 1.5) adopt digital calibration schemes to improve
performance, which also can be categorized as digitally assisted architectures. As the
implementation cost of digital circuits, this digital calibration can prevail in analog circuits
to improve the performance.

In summary, the digitally assisted architectures move the accuracy burden from analog
circuits to digital circuits. Though these digitally assisted architectures have existed for

decades, the degree and the effect of the architectures has become more promising as



process scales, since the relative cost of digital gates is further reduced as discussed in

Section 1.1.1.

1.1.3. All-Digital Architectures

All-digital architectures take further advantage of digital circuits in conventional analog
applications. While the previously discussed architectures use digital gates to compensate
for non-idealities of analog components, in all-digital architectures, analog circuits are
completely replaced by digital circuits where signals are switching between the power
supply voltage and ground. Therefore, the primary operation of all-digital architectures is
different from conventional analog architectures, and the performance is determined by the
timing accuracy of signals rather than the voltage level accuracy. As devices scale, the
switching frequency of logic gates increases, and it improves the timing control of digital
signals. On the other hand, supply voltage in advanced CMOS process is reduced, thereby
limiting voltage headroom for analog operations. Thus, all-digital architectures leverage
the advantages of current processes, and avoid the weakness of them.

All-digital architectures also provide advantages such as testability, flexibility, noise
immunity, and higher levels of integration. The interfaces between blocks are digital
signals; thus they are more observable through testing structures, easier for post-fabrication
control, and more immune to noise in the signal paths. Also, the functional blocks can be
integrated with other digital circuits with the same process options, improving the degree
of integration, and reducing manufacturing cost.

The feasibility of all-digital architectures is also dependent on applications, and an

architectural study is required to determine the feasibility of converting an analog function
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to an all-digital implementation. The impulse radio ultra-wideband (IR-UWB) transmitter
is one of the applications that fits well with all-digital architectures. The duty-cycled nature
of IR-UWB is advantageous for digital implementation, since there is no static current
except leakage power, thereby minimizing power consumption between pulsed signal
generation. Also, when non-coherent communication is adopted with e.g. an energy
detection receiver [17], the timing accuracy achievable in recent digital circuits is
sufficient for wireless communication with only a <0.1dB degradation in the effective SNR
compared to an ideal implementation. In [18-24], several all-digital UWB transmitters are
presented, and Fig. 1.6 shows the structure of the UWB transmitter in [21]. In the
transmitter in Fig. 1.6, all functional blocks are implemented in a digital process, and pulse
shaping for meeting a spectral mask is achieved through accurate timing control of several
parallel digital paths. One advantage of this architecture is that there is no functional block
which consumes static power, other than leakage current through digital gates, therefore
the transmitter only consumes power when generating a UWB pulse and is idle between

pulses. Low power, low range communication such as specified for 802.15.4a [25] have
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Fig. 1.7. Block diagram of all-digital GSM transmitter [26].

been target applications for IR-UWB, thus this all-digital architecture can provide low
power and low manufacturing cost due to its small size.

Fig. 1.7 shows the block diagram of a commercial all-digital GSM transmitter [26]. This
transmitter is implemented based on an all-digital PLL (ADPLL), which replaces the
conventional voltage controlled oscillator (VCO), phase/frequency detector (PFD), charge
pump, and loop filter found in an analog PLL with a digitally controlled oscillator (DCO),
time-to-digital converter (TDC), and digital loop filter.

Though the DCO in this transmitter employs passive components such as an inductor and
varactors, the analog structure is abstracted, and interfaced by only digital signals.
Therefore, the functional blocks: (DCO, TDC and digitally controlled power amplifier
(DPA)) are controlled by digital signals, and integrated with other digital logic blocks. This
approach provides smaller silicon area, less power consumption, testability, and a higher
probability of first-time silicon success. All-digital architecture is not a new approach,
where all-digital phase locked loops (ADPLL) were studied decades ago [66], however,

CMOS process scaling has actively motivated this approach recently, achieving



performance for target applications comparable to analog counterparts [27-37] as well as

the advantages mentioned above.

1.2. Cell-Based Circuit Design

While all-digital architectures take advantage of digital circuits in advanced CMOS
processes, and address design challenges for analog functions, the circuits still cannot be
absorbed in an automated digital design flow. Digital VLSI circuits such as
microprocessors and DSPs are described in hardware description languages, and
synthesized from a standard cell library of logic gates. The designs are then automatically
placed and routed by powerful CAD tools. The standard cell library consists of pre-defined
digital building blocks (e.g. AND, OR, D-Flipflop gates) which are fully characterized for
performance and the circuit layout is provided in libraries, and CAD tools have been
advanced to fully leverage the standard cell engineering. Thus, the typical design
methodology with standard cells significantly simplifies the circuit implementation. Also,
standard cells can fully take advantage of process scaling. Since standard cell libraries
consist of digital logic gates, the area, power of cell-based circuits only improves through
process nodes. In addition, standard cell libraries provide identical functional cells between
process nodes, or between different process technologies, making cell-based circuits more
scalable and portable.

All-digital transmitters and PLLs in Section 1.1, however, include custom circuit blocks
whose performance is dependent on precise, custom layout which is time consuming and
error prone. These full-custom designs follow separate design flow from synthesized

digital logic blocks in the circuit. This limits the portability and scalability of these



partially-custom, all-digital architectures. From the discussion in Section 1.1, it is shown
that each functional block in the all-digital architectures can be abstracted as a digital block,
interfaced with digital signals. If the functional blocks are implemented with standard cells,
the circuits can be synthesized from standard cell libraries. In this thesis, we propose a
cell-based design methodology for synthesizable analog functionality. Fig. 1.8 describes
the proposed design flow for synthesized all-digital analog/RF circuits. Standard digital
logic circuits follow the design flow on the bottom in Fig. 1.8. When the HDL description
is synthesized from a standard cell library, synthesis tools reference the timing analysis in
the library, and compile netlists with standard cells that meet a target speed. Then,
automatic P&R tools place and route the cells based on the timing analysis, incorporating
the impact of additional wiring capacitance. This design flow works for most digital logic
circuits, where only timing constraints in critical paths need to be satisfied. For analog
functions, however, every signal path can affect the performance, and automatic design
flow complicates the timing analysis of the cell-based circuits. Therefore, a modified
design flow is required as shown on the top of Fig. 1.8.

The first step of the proposed design methodology is to convert current building block,
which are analog or full-custom digital blocks, to cell-based functional blocks. In Fig. 1.6
and Fig. 1.7, DCOs are still analog-structured or fully custom digital circuits/layouts. We
propose a cell-based DCO as a core building block in the cell-based design in Chapter 2.
Other blocks are also converted to structured Verilog code or behavioral description in
Verilog. Then, the functional blocks are synthesized from target standard cell libraries, and
placed and routed with automatic design tools with the same process used by standard

digital circuit (e.g. microprocessor).
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Fig. 1.8. Proposed cell-based design flow.

The automatic layout and wiring of critical blocks such as the DCO, however, introduces
significant mismatch in the signal paths. Because precise timing analysis is required on
these sensitive blocks, two additional steps are required in the implementation of these
circuits. First, the performance of cell-based blocks needs to be modeled and verified in the
design phase. Second, a post-silicon calibration scheme is required to compensate the
mismatch and utilize the flexibility of the circuits. Fig. 1.9 shows the micrograph and
layout view of one prototype UWB transmitter in a 65nm CMOS process. All functional
blocks including the DCO are integrated following the proposed design flow.

The benefit of this work is higher portability and productivity through design automation.
Circuits are described in the Verilog hardware description languages (HDL), providing
portability between applications. Also, the highly automated design flow shortens the
design time when compared to the convention full custom design. As CMOS process
scales, the design automation and portability become more important. In advanced CMOS

process technologies, the current form of design rules cannot guarantee the
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Fig. 1.9. Micrograph and layout view of cell-based designed UWB transmitter in 65nm
CMOS.

manufacturability of circuits; thus the design rules become much more complex, or allow
only restricted forms of circuit layout [38]. This degrades the productivity of analog circuit
design and custom digital circuits, making cell-based design more attractive.

In this research, synthesizable architectures of several applications are presented, and
prototypes are implemented. Calibration schemes are applied to the prototypes, and
performance comparable to full-custom implementations is achieved. Also, a modified
timing model for cell-based DCO is explored to apply to a completely automated design

flow.

1.3. Applications of Cell-Based Design

The cell-based design methodology can be applied to various applications that are
currently good candidates for all-digital architectures (e.g. UWB transmitter, TDC, and
ADPLL). In each prototype, a synthesizable architecture through cell-based design is

proposed, and the performance of the circuit is calibrated and measured.

11



1. UWB Transmitter — An IR-UWB provides several characteristics favorable to
all-digital transmitter architectures, thereby cell-based design. The duty-cycled
nature and non-coherent communication reduces power consumption and system
complexity through all-digital architectures. In this prototype, functional blocks are
implemented with standard cells, and UWB pulses in the 3-5GHz band are
generated.

2. TDC - All-digital phase locked loops (ADPLL) has been an active research area that
replaces conventional analog blocks with an all-digital architecture, benefitting from
the advanced digital process. In the ADPLL, a time-to-digital converter (TDC)
compares the phase error between the reference clock and the divided clock. In this
prototype TDC, all functional blocks are implemented with standard cells, and a fine
resolution of 8ps has been demonstrated.

3. ADPLL — An ADPLL for clock generation is implemented, and measured. With the
proposed cell-based DCO, and the cell-based TDC, all functional blocks in the
generic ADPLL structure are synthesized from standard cell libraries. For the loop
operation in the ADPLL, the calibration scheme utilizing systematic mismatch is

applied through a controller and embedded memory.

1.4. Primary Contributions

This thesis covers several aspects of cell-based design methodology for synthesizable
analog/RF applications. The goal of the research is to explore each design phase of the
circuits, and seek approaches to allow the cell-based design procedure. The thesis

contributions are as follows.
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1.

Cell-Based Digitally Controlled Oscillator (DCO) - The core building block in the
proposed design methodology is a cell-based DCO. Instead of custom and regular
layout to achieve a desired performance, the buffers in the proposed DCO are
distributed and routed by automatic place-and-route tools. This method significantly
simplifies the design procedure of the DCO, and enables the complete integration of
the DCO with other cell-based digital blocks. The structure and properties of the
DCO are studied in Chapter 2, and the DCOs with different configurations are
applied in different prototypes in Chapter 3 to Chapter 5.

Timing Model of Cell-Based DCO - The cell-based design and automatic P&R
suggest that the proposed DCO can be implemented in the automated digital design
flow. To fully incorporate the DCO in the digital design flow, however, a modified
timing model is required, since current digital timing analysis cannot address the
mismatch in the DCO. In this research a timing model based on relative cell positions
is explored to predict and verify the performance of the DCO at the design phase.
Calibration Scheme for Cell-Based DCO - The cell-based design imposes several
challenges. Unlike custom layout, automated layout causes systematic mismatch in
the signal paths. Also, since standard cells are minimally sized, the cell-based circuits
are relatively susceptible to process variation. To address these challenges, a
calibration scheme is proposed, which takes the mismatch into account.

Cell-Based Design Architectures and Verification — An UWB transmitter, a
time-to-digital converter (TDC), and an ADPLL are implemented as prototypes of
cell-based designs in 65nm CMOS technologies. The prototypes embed the

cell-based DCO, following the automated digital design flow. The performances of

13



these prototypes are comparable to custom designs, verifying feasibility of the

proposed design methodology.
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Chapter 2

Cell-Based Digitally Controlled Oscillator

2.1. Introduction

Recent process scaling has driven the digitally intensive implementation of conventional
analog/radio-frequency (RF) circuits. While analog circuits suffer from the reduced
voltage headroom of scaled CMOS and large passive component area, digital
implementations provide high timing accuracy for signal processing, and significantly
reduce die area and manufacturing cost. Also, compatibility with other digital circuits
enables higher system integration. All-digital phase locked loops (ADPLL) and all-digital
transmitters have been an active research area, and have shown the advantages of digitally
intensive implementation [18-24][27-37]. In these architectures, conventional analog
functional blocks are replaced with logic blocks that are implemented with standard cells.
The design procedure with standard cells is highly automated so that synthesis, layout, and
verification of the circuits are done with design tools; thus the circuits become highly
scalable and portable.

While the cell-based design is common in all-digital architectures, there are functional
blocks such as digitally controlled oscillators (DCOs) that are still analog-structured or
dependent on custom circuit design and layout. These blocks cannot be fully integrated in

the automated design flow of cell-based blocks, thereby limiting scalability and portability
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of the circuits. This chapter proposes a cell-based DCO that can be integrated in the
automated design flow. When cell-based DCOs are applied, custom circuits and layout can
be minimized, and in many all-digital architectures, it is possible that the whole circuit can
be implemented with only standard cells. Since characterization of circuits and layout
becomes more challenging in nanometer-scale CMOS, it is commercially advantageous to
implement circuits with standard cells utilizing automatic design tools.

The synthesized, and automatically laid out circuits have historically been considered
inappropriate for a DCO with high timing accuracy. Contrary to digital circuits where it is
sufficient to verify the timing of critical paths, the performance of a DCO is affected by
many signal paths, and there are inherent mismatches in the signal paths by automatic
layout. The current digital timing model used in CAD tools does not characterize the
systematic mismatch by automatic layout to a level of accuracy required to verify the
analog performance of a cell-based DCO (e.g. frequency tuning range). While analog
simulations such as Hspice and Spectre fully characterize the analog performance, the time
required for these simulations is prohibitive for a large number of buffers in the proposed
DCO, since the number of frequency configurations increases exponentially with the
number of buffers. In this chapter, a simplified timing model for the cell-based DCO is
derived based on the placement of buffers, applying a constant current source model to
simplify the calculations. The proposed timing model can be incorporated in the
conventional digital design flow, and can be utilized to characterize the DCO in the design

phase.

2.2. Cell-Based DCO: Structure and Properties

16



Frequency Control

N buffers/ A2 Y Y
stage | {}c : -
Start / E?;j
Stop
Stage 1 Stage 2 Stage 2M+1

Fig. 2.1. Digitally controlled oscillator with tri-state buffers from standard cell library.

The cell-based DCO consists of an odd number of inverting stages in a ring structure as
shown in Fig. 2.1. In order to implement a digitally controllable delay with standard cells,
each stage of the DCO consists of multiple inverting tri-state buffers connected in parallel.
While the load capacitance in each stage is fixed by the total number of buffers and the
wiring between buffers, the drive strength is controlled by turning on a different number of
buffers. The maximum frequency is obtained when all buffers are turned on, then the
frequency is controlled by turning off buffers to reduce the drive strength, increasing the
oscillation period. The frequency range and the tuning resolution of the DCO are functions
of the number of stages and the number of buffers in each stage. As the number of buffers
increases, the tuning range is enlarged, and the resolution is improved at the expense of a
lower maximum frequency and increased power consumption. The number of stages and
buffers can be determined in the design phase according to a target performance. Fig. 2.2
shows the simulated period of three-stage DCO with different numbers of buffers without
any layout parasitics. In Fig. 2.2.a, one buffer is turned off at a time while rotating stages to

balance the drive strength between stages. As shown in Fig. 2.2.a, the period of each ring
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Fig. 2.2. Simulated periods of three-stage DCO with different number of buffers (N).

increases inversely proportional to the number of enabled buffers (No,) in each stage.
When projected to the ratio of number of disabled buffers and total number (Nog/N) in each
stage as shown in Fig. 2.2.b, the period plots are overlapped, showing the following

relationship.

. N
period = Kgrive strength "}y + Kintrinsic 2.1)

on

where Karive strength @nd Kinginsic are coefficients and a constant determined by process
parameters, and are independent of the number of buffers, N. It is also straightforward from
Fig. 2.2 and (2.1) that as N increases, the resolution of period control is improved.

Instead of custom, symmetric layout to achieve a desired performance, the buffers in the
DCO are placed and routed by automatic place-and-route (P&R) tools. This method
significantly simplifies the design procedure of the DCO, and enables the complete

integration of the DCO with other cell-based digital blocks. Fig. 2.3 describes
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Fig. 2.3. Description of automatically P&R-ed buffers in a three-stage DCO and wire
network between stages.

automatically P&R-ed buffers and wire networks between stages by P&R. In a symmetric
layout, each buffer in a stage is considered to be identical, and have the same effect on the
frequency control. On the other hand, in the P&R-ed DCO, each buffer is uniquely placed
and routed by physical design algorithms, thus having a different and unique effect on the
drive strength, which is determined by the wire networks in Fig. 2.3. Fig. 2.4 shows the
simulated incremental period of each buffer, highlighting the mismatch between buffers in
one stage of the DCO. Here we define the incremental period for buffer i as the increase in
period when only one buffer i is turned off, compared to minimum period when all buffers
are turned on. In Fig 2.4, each buffer has a unique incremental period; thus a different

frequency is obtained that depends on which buffer is turned off. Theoretically, the number
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Fig. 2.4. Simulated incremental period in a stage of DCO with N=32.

of frequency configuration increases exponentially with the number of buffers, and higher

tuning resolution can be obtained when an appropriate calibration scheme is employed.

2.3. Calibration of the DCO

We propose a calibration scheme for the cell-based DCO, which utilizes the systematic
mismatch in incremental period due to wiring variations. Fig. 2.6 shows the measured
incremental period in a stage of a prototype DCO in 65nm CMOS. Once the DCO is
fabricated, the incremental period is measured by measuring the frequency of oscillation
with an on-chip counter before and after a single buffer is disabled. At each configuration,
the number of DCO cycles is measured by the on-chip counter during a certain time which
is programmed as a number of off-chip reference clock cycles. In this measurement, the
time duration is programmed to be 0.1 seconds, and the frequency measurement is repeated
100 times at each configuration to obtain mean values, which are shown in Fig. 2.5. Then,
the buffers are sorted in order of their incremental period: from the buffer with maximum
value (buffer 34) to the buffer with minimum value (buffer 33). Then, they can be turned

off in order to achieve a coarse/fine tuning of the DCO frequency as shown in Fig.
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Fig. 2.6. Measured incremental period by turning off each buffer in a stage.

2.7. When the buffers are turned off beginning at the top of the sorted list (largest
incremental period), the DCO frequency decreases rapidly (coarse tune). Turning off the
buffers from the bottom of the list (smallest incremental period) decreases the frequency
slowly (fine tune). These two curves determine the upper and lower limits of the DCO
frequency, and we can achieve a coarse/fine calibration strategy between the limits by
reordering the buffers to be turned off by: 1) a coarse frequency band is selected by turning

off buffers with higher drive strengths, and 2) buffers with lower drive strengths are turned
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Fig. 2.7. Coarse/fine frequency control using sorted buffer list and measured frequency
control.

off to finely tune the frequency. The advantage of this scheme is that we can finely tune the
frequency around target values, which is possible due to the mismatch in the effective drive
strength of each buffer. Also, monotonic frequency control is guaranteed.

The above calibration scheme requires a consistent order of the buffers over
environmental variations such as temperature and supply voltage, and over process
variation, even though the absolute value of incremental period will vary. If the order of the
buffers significantly varies over the variations, the coarse/fine frequency control will not
work properly, and the ordering process would need to be repeated for every chip. This is
time consuming, and increases the cost of circuits embedding the DCOs. In P&R-ed
circuits, however, the order of the buffer drive strength is dominated by systematic
mismatch; thus, the order is less affected by the variations, and the reordering process is
only required once per design, but not for every chip.

Fig. 2.8 shows the incremental periods of the buffers in the stage over different supply

voltages and temperatures. Though the absolute values of the incremental period change,

22



! —

0 10 20 30 40 50 60 70
Index of buffers

, il
~ .
ML I lser AN

0 10 20 30 40 50 60 70
Index of buffers

Incremental period (ps)

Incremental period (ps)

Fig. 2.8. Measured incremental period of buffers in stage 3 over different supply
voltages (upper, 0.95V, 1V, and 1.05V) and over different temperatures (lower, 0°C,
25°C, and 70°C).

1.5

Incremental period (ps)

20 30 40

Index of buffers

70

Fig. 2.9. Measured incremental period over 13 chips.

the order of buffers is consistent over the variations. Fig. 2.9 shows the measured
incremental periods over 13 chips. Although process variation imposes the variation in the
absolute values in Fig. 2.9, the trend in the incremental periods is consistent over the chips.

Also, the random effect between the buffers is dominated by the systematic mismatch; thus
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the one-time ordering is enough for the coarse/fine frequency control. Fig. 2.10 shows the
standard deviation of the measured incremental periods divided by the mean of
incremental periods for each buffer. The measured incremental periods over 13 chips show
a matching resolution of 2-bits to 4-bits around the mean values.

It would also be interesting to look at the dominance of systematic mismatch at different
supply voltages. As the supply voltage is reduced, the voltage headroom shrinks, and
threshold voltage variation is expected to be more significant. At a low enough supply
voltage, we would expect that Vth variation would begin to dominate systematic wiring
variation. Fig. 2.11 shows the measured incremental periods at different supply voltages.
Since the operating frequency of the on-chip counter is slowed down at lower supply
voltages, the frequency measurement is limited for some chips, and a smaller number of
chips are shown in Fig. 2.11. It is observable that random effects increase as supply voltage

decreases, and the dominance of the systematic mismatch becomes less apparent.
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Fig. 2.11. Measured incremental periods at different supply voltages (6 chips at 0.9V, 4
chips at 0.8V, and 2 chips at 0.7V).

2.4. Modeling of Cell-Based DCO Performance

In Section 2.3, a calibration scheme was proposed, which improves frequency control
after a DCO is fabricated. To fully incorporate the DCO in the automated design flow, in
the design phase, a modified timing model for the DCO is required to predict the
systematic mismatch. Since the systematic mismatch is determined by automatic P&R, it is
advantageous to have a pre-layout prediction model to avoid massive re-routing
procedures. In the following sections, a period model based on effective drive strength is

proposed, and individual terms in the model are analyzed for a pre-layout verification.
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2.4.1. Timing Model Based on Effective Drive Strength

In (2.1), the period of a cell-based DCO is expressed with N and N, since all buffers are
assumed to be identical. With systematic layout, however, the period cannot be modeled
with the number of enabled buffers alone. Each buffer has a different effect on the period;
thus we propose a concept of an effective drive strength for each buffer. Now, the period of

the three-stage DCO can be expressed as (2.2).

. 1 1
eriod = Ky P+ Ky 4+ Ky :
p drive strength1 Yiondsyi drive strength2 Yiondsai drive strength3

1

Sionasn T Kintrinsic (2.2)
where Kayive srenginic are coefficients for the drive strength dependent terms for stage &, Kinsinsic
is an intrinsic constant, dsx; (k=1,2, or 3) is the effective drive strength of buffer i in stage £,
which are normalized so that the sum of the drive strengths in each stage equals 1 (2.3).
The coefficients and constants are now dependent on P&R as well as process parameters.
S dsy = 1. (2.3)
Then, the period of the cell-based DCO can be predicted, given the coefficients and the
distribution of effective drive strengths in (2.2). Before the coefficients and drive strengths
are modeled, the period model in (2.2) is verified with measured incremental periods. First,
we measured incremental periods from one of the prototype DCOs in 65nm CMOS, and

the dsy;are calculated from the incremental periods. From the definition of incremental

period, the relationship is as follows.

dsk,i

ATk,i = kdrive strength,k * 1—dsk (2.4)

where ATy; is incremental period of buffer i in stage k. From (2.3) and (2.4), the

coefficients and ds;; are obtained. Next, the model in (2.2) is used to predict the DCO
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Fig. 2.12. Measured and modeled periods of DCO over different configurations.

period when an arbitrary set of buffers is disabled. In each stage of the DCO, a different set
of buffers are turned off, maintaining the number of disabled buffers. As shown in Fig. 2.12,
the model accurately predicts the measured periods over these different configurations. As
more buffers are disabled, the sensitivity of the model increases since the value in the
denominator in (2.2) decreases. For typical applications of the DCO, however, the error at

higher Nog may be acceptable. To achieve high frequency resolution, the DCO operates
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Fig. 2.13. Example placement in three-stage DCO with N=32.

with low Ny, and the maximum error from the model is less than 8ps, and most values are

within 1ps up to 15 buffers disabled out of 64.

2.4.2. Modeling of Coefficients and Effective Drive Strength

There are a number of buffers connected in parallel in each stage in the DCO, and the
placement and routing between buffers by P&R complicates an analytical model of the
performance of the DCO. Even if an accurate analytical model is derived, the computation
complexity is prohibitive for a large DCO, limiting the integration of the DCO in the
automated design flow. Instead, in this section, we propose models for coefficients and
effective drive strengths based on relative positions of buffers. Fig. 2.13 shows an
exemplary placement of buffers in a three-stage DCO with N=32. Since buffers within a
stage have common input and output nets, they tend to be placed closely by automatic P&R
to minimize the total wire lengths. Our model is based on this information of placement

such as centroid position of each stage, distance between centroids, and standard deviation
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Fig. 2.14. Coefficients and constant over simplified load model.

of buffers’ positions in each stage. Once the model is derived based on the placement, the
performance can be predicted with statistics of placement, or if necessary, each buffer can
be located specifically with a script in automatic P&R.

The coefficient of each stage, kayive sirengink,» and intrinsic constant, Kipinsic in (2.2) are
considered to be proportional to loading in the corresponding net, and we propose a
simplified load model as the sum of the distance between centroids of source and sink
stages and the standard deviation of buffer positions around the centroid in the sink stage.
The unit in this load values is the height of standard cells. Fig. 2.14 shows the simulated
coefficients and constant over the simplified load model in 30 different layouts of DCOs.
The number of buffers are also varied (N=8, 16, and 32), and 10 layouts are generated in

each configuration. As shown in Fig. 2.14, kyive sorengink and Kinyrinsic are linear to the load,

29



12 ! ‘ ! ‘ ! !
| | | | | |
| | | | | e
R Er— R S - - I - o «
= I | | I e |
o | | | | | |
Q | | | | | |
| . L R
=] | | fo” o | |
E | | . 00 © © o1 | |
' | o \go,.so-- : : : o : N=8
S09r 1% % "5~~~ 7-—~—-¢%- N=16 -
= o LBTEe : 1 | N=32
- l l l l l
0 q 1 1 1 1 1 1
0 20 30 40 50 60 70 80
Load

Fig. 2.15. Minimum period over simplified load model.

while kininsic has a higher dependency. Once the dependency is characterized in a process
technology, kurive strength k a0d Kinginsic are projected based on the placement of buffers.

The minimum period of each DCO is also predicted based on kuive strengink a0d Kingrinsic-
From (2.2), the minimum period of a DCO is the sum of the coefficients and the constant,
and Fig. 2.15 shows the minimum period over the simplified load. The minimum period
shows a high dependency on the load, which is useful to project the minimum period
during the design phase.

Unlike kgrive strengen ik and Kingrinsic, the effective drive strengths are modeled based on the
distance between a pair of buffers from each source and sink stage, and analyzed in terms
of the interconnect delay. The Elmore delay model [39], which is the first moment of the
impulse response, has been pervasive for decades in synthesis and layout for modeling
interconnect delay. Though the Elmore delay can be written in a simple, closed form in
terms of design parameters such as device parasitics and the width of wires, it provides
limited accuracy. To improve the accuracy of the Elmore delay model, many variants
[40-42] also have been proposed. The computation of those models, however, is too

expensive for the cell-based DCO because it has an interconnect-intensive structure. Our
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proposed timing model adopts another variant of the Elmore delay model, the Fitted
Elmore Delay (FED), since the FED improves accuracy while maintaining computing
efficiency [43]. In FED, the coefficients are determined by a curve fitting technique to
approximate Hspice simulation results. Following the FED, the interconnect delay can be
simplified as

time=a+b-l+c-I% (2.5)
where a, b and c are determined by design parameters, and / is the wire length. Since the
design parameters are identical for the buffers and wires in the cell-based DCO, the values
of a, b, and ¢ can be considered constant for each buffer. Also, the target model is the
normalized drive strength given in (2.3), thus only relative values of tiy between buffers are
required. Then, (2.5) can be simplified as

time=a +b' -1+ 12 (2.6)

(2.6) suggests that the interconnect delay can be approximated to be proportional to /° as /
increases.

In the DCO, each stage has multiple buffers, and all buffers in consecutive stages are
connected to each other through a wire network. Thus, the timing models of a buffer should
be extended for the structure with multiple sources and multiple sinks. To derive an
interconnect model of the DCO, we propose a constant current source model as shown in
Fig. 2.16. Let t;, (j, k) refer to an interconnect delay between source buffer j and sink buffer
k, and assume the output transition is linear. Then, the interconnect can be modeled as a

lumped capacitance driven by a constant current source, and the current value is as follows.

cv
2:tint(J K

i(, k)= (2.7)
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Fig. 2.17. Multiple current sources to a sink.

where C is the lumped capacitance, and V' is the supply voltage. Then, the constant current
source model can be extended to multiple sources (Fig. 2.17). When N source buffers drive

a sink £, the total current from sources to the sink is obtained as (2.8).
e = I 0G, ) =SB i G RO 2.8
lg j=1l(]’ ) - j=1 mt(]' ) ( . )
where i is total current from source buffers to the sink k. Thus, the interconnect delay at

sink k by iy is as follows.

e (2.9)

g I tineGR)TY

cv 1
tintk = p

Since there are N buffers in the sink stage, the macro interconnect delay for a stage can be

expressed as a function of individual delays as (2.10). Assuming that #;,.;’s have a small
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standard deviation when all buffers are turned on, the function is approximated again as the
mean of the individual interconnect delays.
Tine = [ (tint, 1 tint2o > tine.n)
~ mean(tine,1 tint,2) - tine,n) (2.10)
The macro interconnect delay model in (2.9) and (2.10) indicates that the effect of each
buffer on the delay is different from each other, and the distribution can be approximately
modeled. Fig. 2.18 shows an example where one buffer in the source stage is turned off.
When turning off source 1, the current from sources to sink & is reduced by i(1,k), thus,

using (2.8) and (2.9), the interconnect delay at the sink £ is increased as follows.

1
ek busor = S G a0

2.11)

Then, the incremental delay is
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Atint,kluloff = ti’nt,kluloff — tintk
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and the macro interconnect delay is increased as
ATine = mean(Atint,l |u10ff' s Aline n |u10ff)- (2.13)
(2.13) corresponds to the incremental period in (2.4), thus the effective drive strength can

be represented as

dsi, = Aline (2.14)

ATint + Karive strength,k

Through (2.6)-(2.14), dsy; are calculated, and applied to (2.2). The wire length between a
pair of buffers, / in (2.6), however, is not available in the pre-layout model; thus
approximation of / is required. In the layout of standard cells, the length / between two
buffers can be approximated as the sum of the distance in X and Y coordinates (Fig. 2.19).
This approximation represents the minimum wire length between two buffers, while most

physical design algorithms seek minimum total wire length for non-critical signal paths
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Fig. 2.20. Comparison between effective drive strengths from measurement and model.

[44]. The validity of this approximation in modeling effective drive strength is verified in

Section 2.5.

2.5. Experimental Results

In these experiments, effective drive strengths are calculated based on buffers’ positions,
then compared with the effective drive strengths calculated from measurements. Fig. 2.20
shows the effective drive strength from measurement and model in a stage of a DCO.
Though there are errors between the measurement and model, the model captures many of
the features due to P&R, considering the limited information used in the model. More
important than being able to predict each individual effective drive strength, however, is
the ability to predict the tuning range and resolution of a DCO using this model, as
discussed next.

The distribution of effective drive strengths plays an important role in the calibration

proposed in Section 2.3. In Fig. 2.7, the upper and lower limits of frequency control are
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determined by turning off the buffers sorted in rising or falling order of effective drive
strength. Then, the frequency of the DCO can be controlled between the two lines by
reordering buffers to be disabled as shown in Fig. 2.7. Therefore, the shape of two lines
features the performance of the DCO. If the proposed model decently predicts the shape
with two lines, we can characterize the performance of the DCO. First, we sort the effective
drive strengths from measurement and model both in increasing and decreasing orders,
then plot cumulative sum of them in Fig. 2.21. The root mean square errors (RMSE)
between measurements and models are 0.0094, 0.0007, and 0.0017 on average for 10

different layouts of DCOs with N=8, 16, and 32, respectively.

2.6. Summary

This chapter proposed a cell-based DCO to aid in an automated design procedure and
higher system integration with digital circuit blocks. The proposed DCO is composed of

tri-state buffers which are placed and routed by automatic design tools. The frequency of
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the DCO is controlled by turning on a different number of buffers, and a calibration scheme
is proposed to achieve a high resolution frequency control. The timing model was derived
to address the P&R effect on the DCO performance. The proposed DCO is a core block in

the prototypes in Chapter 3 to Chapter 5.
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Chapter 3

All-digital Synthesizable UWB Transmitter

3.1. Introduction

This chapter presents an all-digital impulse radio ultra-wideband (IR-UWB) transmitter
which is synthesized from a CMOS standard cell library, leveraging design automation
technologies. IR-UWB provides several characteristics favorable to all-digital transmitter
architectures. First, IR-UWB signaling is inherently duty-cycled. The width of UWB
pulses in the time domain is short (~2ns), while the pulse rate is relatively low. That is,
most of the time, the transmitter does not produce pulses. By implementing all-digital
architectures, the functional blocks can be turned off between pulses, thereby consuming
only leakage power. This significantly reduces power consumption in all-digital
transmitters. Second, IR-UWB is operated in non-coherent communication by applying
pulse position modulation (PPM) or on-off keying (OOK). Non-coherent communication
relaxes the frequency tolerance enough that typical accuracy specifications can be satisfied
by the time resolution of recent digital circuits. Recently published all-digital UWB
transmitters [18-21] take advantage of these characteristics to achieve low power and low
cost architectures. The proposed transmitter is not only implemented in an all-digital
architecture, but it is also implemented with standard cells in the automated design

procedure, adopting the cell-based DCO. Though standard cells are less flexible to
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implement circuits with, the simulation, synthesis and layout of the cell-based circuits are
highly automated with current design tools. Since all functional blocks in the proposed
transmitter are implemented with standard cells and automatically place-and-routed, the
design procedure is significantly simplified, and a compact layout is derived. Also, by
adopting advanced CMOS technologies, the proposed transmitter achieves a low power
and small area, benefitting from process scaling.

The cell-based design of the transmitter, however, imposes several challenges, as
discussed in Chapter 2. Unlike custom layout, automated layout causes systematic
mismatch in the radio frequency signal paths. Also, since standard cells are minimally
sized, the cell-based circuits are relatively susceptible to process, voltage and temperature
(PVT) variations. To address these challenges, the transmitter provides a wide range of
center frequency and bandwidth of the UWB pulses which can be calibrated with high
resolution. With sufficient flexibility, the transmitter can compensate for the systematic
mismatch and variations, and it can target different applications. A calibration scheme

proposed in Section 2.3 is applied to address the systematic mismatch.

3.2. UWB Transmitter Architecture

A block diagram of the proposed UWB transmitter is shown in Fig. 3.1. According to
incoming data, a PPM modulator asserts a trigger edge in a modulated time slot, which
activates both a DCO and a delay line. When activated, the DCO begins oscillating at a
programmable frequency, and the DCO output is enabled. Simultaneously, the trigger
edge propagates through the programmable delay line. When the edge arrives at the end of

the delay line, the DCO output is disabled, forming a UWB pulse that takes the form of a
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Fig. 3.1. Block diagram of proposed UWB transmitter.

gated oscillator. The frequency of the DCO and the delay through the delay line are
digitally controlled by the frequency control word and pulse width control word,
respectively. In this way, the center frequency and bandwidth of UWB pulses are
separately controlled. The output of the delay line is also used to turn off the DCO to save
power between pulses, utilizing the duty-cycled nature of IR-UWB. The pulse start logic
detects the edge at the output of the delay line, and disables the DCO until the next trigger
edge is asserted. A scrambler is used to mimic delay-based binary phase shift keying
(DB-BPSK) [45] by randomizing the polarity of the pulses. In a PPM modulated spectrum,
UWB pulses have spectral lines, which limits the transmit power. With low hardware
complexity, the scrambler reduces the spectral lines, maximizing the transmit power within
the FCC mask.

The transmitter provides a calibration mode where the center frequency and bandwidth
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of the pulses are measured, and tuned for target performance. During the calibration mode,
the DCO is continuously enabled, and its frequency is measured by counting cycles over a
time period. A frequency divider, which is a chain of flip-flops, is inserted to reduce the
frequency of DCO output before the relatively slow counter. To calibrate the bandwidth of
the UWB pulses, the delay line is configured as a loop, and the frequency around the delay
line is measured with a similar technique. The counter values for the DCO and the delay
line indicate the current center frequency and the bandwidth of the UWB pulses, and the

digital control codes are adjusted according to target values.

3.2.1. Digitally Controlled Oscillator with Tunable Delay Cells

The core building block of the cell-based UWB transmitter is the cell-based DCO. Fig.
3.2 shows the structure of the DCO using the tunable delay cells. Each delay cell is
implemented with multiple inverting tri-state buffers connected in parallel. The first stage
includes a NAND gate and one less buffer to disable the DCO when necessary. According
to a target DCO performance, the number of buffers can be determined in the design phase.

The DCO in the transmitter was designed to have three stages to generate an oscillation
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frequency ranging 3.1-to-5.0GHz, and each stage has 31 (in the first stage) or 32 buffers to
achieve sufficient resolution for non-coherent UWB communication. Instead of custom,
symmetric layout to achieve a desired performance, the buffers in the DCO are distributed
and routed by an automatic layout tool. This method significantly simplifies the design
procedure of the DCO, and enables a complete integration with other cell-based digital

blocks.

3.2.2. Pulse Width Delay Line

Fig. 3.3 shows the structure of the delay line that employs tunable delay cells. A trigger
edge from the PPM modulator propagates through the delay line, and the edge at the output
of the delay line gates the DCO output to an antenna, thereby determining the width of the
UWRB pulses. In the transmitter, the delay line has 57 tunable delay cells, and each delay
cell is implemented with 5 parallel tri-state buffers to cover a desired pulse width range.
Among the 57 stages in the delay line, the first 10 stages are used to block unavoidable

power supply transients when the DCO is turned on. To prevent this transient from
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Fig. 3.4. Measured programmable pulse width range. By turning off tri-state buffers in
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impacting the pulsed output, the gating logic turns on the DCO output only while the edge
in the delay line is propagating between stage 10 and stage 57. By controlling the delay in
the first 10 stages, we can control the time which the transmitter waits for the supply
voltage transients to settle. The pulse width of the UWB pulse is controlled with the
remaining 47 stages. Fig. 3.4 shows the measured pulse widths of the transmitter. When
every buffer is turned on in the 47 stages, the pulse width is shortest, and the pulse width is
increased by turning off the buffers. In the first section in Fig. 3.4, only one buffer is turned
off in each delay cell, and additional buffers are turned off for the next sections. Since the
delay cells have 5 buffers, there are four sections, whose values range from 1.1ns to 5.1ns.
Since the bandwidth of UWB pulses is required to be higher than S00MHz, the pulse width
should always be less than ~2ns; therefore, the fourth section is used only when the delay
line is significantly affected by PVT variations. The resolution of the pulse width control
varies (from 4ps to 47ps), based on the number of buffers off in each delay cell. A wide

range of pulse widths, calibrated with high resolution, is useful to compensate systematic
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mismatch and PVT wvariations, or target different applications. For instance, in a
multiple-channel communication, the pulse width is tuned to be wide, while the pulse

width is tuned to be short for single-channel communication.

3.2.3. Scrambler

PPM modulation has been popular in IR-UWB communication, offering reduced system
complexity over BPSK. Pulse generation in PPM modulation reduces power and area,
while BPSK requires functional blocks dissipating static power, and/or large passive
components. Also, PPM modulation allows non-coherent communication where receivers
also have low complexity and power efficiency. A spectrum in PPM modulation, however,
contains spectral lines which are 10log(PRF/1MHz) dB above the BPSK spectrum when
measured in a IMHz bandwidth [46], where PRF is the pulse repetition frequency. Since
the power spectrum of UWB signaling is limited by the FCC mask, the maximum transmit
power in PPM modulation must be lowered by this factor.

In the proposed transmitter, a scrambler is used to reduce the spectral lines in the PPM
spectrum by randomizing the polarity of pulses. The scrambler consists of a linear

feedback shift register (LFSR) and an XOR gate. Between the pulses, the LFSR generates a
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bit, which is 1 or 0, and the output of the DCO is XOR-ed with the LFSR bit. As shown in
Fig. 3.5, the output pulse is shifted by a half cycle when the LFSR bit is 1. When filtered by
an off-chip high-pass filter, the combined effect is equivalent to DB-BPSK [45], which is
transparent to a non-coherent receiver. Feedback taps in the LFSR are digitally

configurable, and a 16bit maximum length LFSR is configured in the transmitter.

3.3. Calibration of UWB Center Frequency

All functional blocks in the transmitter, including the DCO and the delay line, are
implemented with standard cells, and automatically place-and-routed. This cell-based
design methodology significantly simplifies the design procedure, and allows higher
system integration of the UWB transmitter. Though the characterization of the circuit
performance at the design phase becomes difficult due to systematic mismatch and
susceptibility to variations, the proposed DCO provides a wide range of frequencies which
are finely tunable with a digital calibration scheme. The proposed calibration scheme
proposed in Chapter 2 takes advantage of the systematic mismatch due to buffer placement
and wiring, which is represented as the effective drive strength.

Fig. 3.6 shows the measured incremental period for each buffer in stage 1 of the DCO.
Once the incremental periods for each buffer are measured, the buffers are sorted
according to their effective drive strengths (Fig. 3.7). If the buffers are turned off in order
beginning with the highest drive strength, the frequency decreases rapidly as shown by the
lower limit line in Fig. 3.8 (top). Turning off the buffers in order beginning with the
smallest drive strength decreases the frequency slowly, as shown by the upper limit line in

Fig. 3.8. These two controls determine the upper/lower limits of the DCO frequencies, and
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we can achieve a coarse/fine calibration strategy between the limits by reordering the
buffers to be turned off. First, a coarse frequency band is selected by turning off buffers
with higher drive strengths until a desired band is reached, then, buffers with lower drive
strengths are turned off to finely tune the frequency in this band. This is illustrated by the
solid black lines in Fig. 3.8. The advantage of this scheme is that we can finely tune the

frequency around target values, which is possible due to the mismatch in the effective drive
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operating at 0.9V (bottom).

strength of each buffer. Also, the proposed calibration scheme guarantees monotonic
tuning of the frequency.

To study the impact of the number of buffers-per-stage on center frequency resolution,
we implemented two 3-stage DCOs, one with 32 buffers-per-stage, and one with 64. Fig.
3.8 shows the measured frequency control of these two DCOs. When 64 buffers are
embedded in each stage, and automatically place-and-routed, the incremental period of
each buffer is reduced, and the distribution of the incremental periods is widened. This
results in higher resolution, and clear coarse/fine tuning of the frequency as show in Fig.

3.8 (top). In the DCO with 32 buffers-per-stage, the incremental period is higher, and more
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Fig. 3.9. Measured incremental period of buffers in stage 1 over 4 different chips.

evenly balanced between buffers, which results in deteriorated resolution as shown in Fig.
3.8 (bottom). The measured frequency resolutions are 10MHz for the DCO with 64
buffers-per-stage, and SOMHz for the DCO with 32 buffers-per-stage. The IR-UWB
transmitter adopted the DCO with 32 buffers-per-stage because it provides a more compact
layout, lower power and higher maximum frequency. Furthermore, the S0MHz resolution
is adequate for non-coherent PPM [47], resulting in only 0.02dB loss when a
square-and-integrate receiver is used [17][48-50].

The above coarse/fine calibration scheme requires a consistent order of the buffers’
incremental period over supply voltage and temperature variations, even though the
absolute value of incremental period may vary. In cell-based circuits, however, the relative
ordering of buffers’ drive strength is dominated by systematic mismatch due to routing. In
other words, the ordering of buffers depends mostly on the mismatched wiring, and the
order is not affected by other variables such as device mismatch, supply voltage or
temperature. To verify this, Fig. 3.9 shows the incremental periods of the buffers in stage 1

over four chips, and Fig. 3.10 shows the incremental periods over different supply voltages
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voltages (top, 0.85V, 0.9V, and 0.95V), and over different temperatures (bottom, -40°C,
25°C, and 80°C).

and temperatures. Though the absolute values of the incremental period change, the order
of buffers in stage 1 is relatively consistent over the variations. Therefore, the order of the
buffers’ drive strengths are measured only once, after which they can be used to tune the
frequency regardless of voltage or temperature variation during the calibration mode. This

significantly simplifies the implementation of the calibration.

3.4. Measured UWB Transmitter Performance

The transmitter was fabricated in a 65nm CMOS process, and the micrograph and the

layout view of the transmitter are shown in Fig. 3.11. All functional blocks are integrated
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Fig. 3.11. 65nm CMOS transmitter die micrograph and layout view.
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Fig. 3.12. Measured transient waveform of UWB pulse at 3.5GHz after off-chip
high-pass filter.
through automatic place-and-route so that the transmitter occupies a small area. The area of
the transmitter is 0.032mm”. Benefitting from high operating frequency of 65nm standard
cells, the transmitter is operated at 0.9V (not at a nominal supply voltage, 1V), in order to
reduce power consumption. Fig. 3.12 shows the measured transient waveform of a 3.5GHz

UWRB pulse. The output has a DC component that is characteristic of all-digital IR-UWB
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transmitters, since the transmitter generates UWB pulses that are switching between
supply voltage and ground. The DC spectrum is filtered by an off-chip high-pass filter. The
measured power spectral densities (PSD) when the transmitter is tuned to three channels
are shown in Fig. 3.13. The center frequency of the UWB pulse is tunable in the

3.1-t0-5.0GHz frequency band with an average tuning step of S0OMHz. The bandwidth of
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the UWB pulse is also digitally controlled, and the measured bandwidth ranges from
500MHz to 1.4GHz. Fig. 3.14 illustrates the effect of DB-BPSK by the scrambler. When
the scrambler is enabled, the spectral lines, characteristic of PPM modulation, are
suppressed, allowing higher transmit power without violating the FCC mask.

Consistent with the synthesized design, the final stage of the transmitter is a large,
standard cell inverter. The chips were packaged in a wirebonded Smm x Smm QFN
package, and an off-chip high-pass filter was used to attenuate the DC component of the
pulses. According to simulations, the inverter output can directly drive a 50Q load with a
fixed amplitude of 84% of the supply voltage, when no losses from packaging and filtering
are considered. The pulse amplitude at the antenna will be reduced by packaging parasitics,
off-chip filter attenuation, and cable loss. Although package parasitics cannot be measured,
assuming an on-chip 20Q trace resistance, 3nH bondwire inductance, and 3pF load
capacitance, the simulated attenuation of the pulse is 12.5dB. The measured off-chip filter

loss is 2.9dB from Fig. 3.15, and cable loss is 1dB. The sum of these losses account for the
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Fig. 3.16. Measured temperature variation of center frequency control.

limited amplitude reported in Fig. 3.12 and Fig. 3.15, and by utilizing better RF packaging
and antenna filtering, much higher radiated amplitudes are achievable.

Fig. 3.15 also shows the variation of the output amplitude. The standard deviation of the
amplitude measured over 13 chips, including chip, package, and printed circuit board
(PCB), is 0.23dB. The maximum level of the transmitted PSD will depend on the pulse
amplitude and the pulse repetition frequency (PRF). Given the relatively constant
amplitude of output pulses, the transmitted PSD can be determined solely by the PRF.

Fig. 3.16 shows the measured variation of center frequency over a temperature range of
-40°C to 80°C. The frequency varies less than 2% over the temperature range, which is
well within the tuning range of the DCO. Fig. 3.17 shows the measured frequency control
and the maximum operating frequencies of 13 chips. The maximum frequency is limited
by the frequency divider in the transmitter, not by the DCO. All measured chips show

maximum frequency over SGHz at 0.9V, satisfying the target performance. Though the
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Fig. 3.18. Measured active energy/pulse at four different pulse widths from 1.1ns
(1.4GHz bandwidth) to 2.6ns (500MHz bandwidth).

frequency control at a given code shows deviation between the chips, this process variation

The transmitter consumes a fixed power of 170uW due to leakage currents, and the

active energy added to the core while pulsing depends on the activity factor such as the

center frequency and pulse width. The measured active energy is shown in Fig. 3.18 at four




TABLE 3.1

PERFORMANCE SUMMARY OF UWB TRANSMITTER
This work [18] [19] [20] [21] [22]
Process 65nm 90nm 90nm 180nm 90nm 180nm
CMOS CMOS CMOS CMOS CMOS CMOS
Supply 0.9V 1V 1V 1.8t02.2V 1V -
Die Area 0.032mm* | 0.08mm*> | 0.07mm’ | 0.045mm’ | 0.07mm’ | 0.11mm?
) PPM PPM PPM PPM PPM
Modulation |\ )5 Bpok | +DB-BPSK | +BPSK BPSK +BPSK | +BPSK
0to 0to 0to
PRF 5O0MLz <16.7MHz 15.6MHz <750MHz 15.6MHz <560MHz
Center 3.1to 3.1to 2.1to RGHz 3.1to 3 to
Frequency 5GHz 5GHz 5.7GHz 10GHz 5GHz
Bandwidth 0.5to
(10dB) | 4GHz ~2GHz ~500MHz ~2GHz 16MHz -
~91mV*
Output (w/ filter)
Amplitude 26mV* 700mV 200mV 70mV 600mV 200mV
(w/o filter)
Standby
Power 170uW 96uW - - 123uW -
Active 8 to >47 >17 >12 40 75
Energy/pulse | 16pJ/pulse pJ/pulse pJ/pulse pJ/pulse pJ/pulse pJ/pulse

* The amplitudes are adjusted to account for cable loss

different pulse widths. The active energy ranges from 8plJ/pulse to 16pJ/pulse over the

frequency of 3.1-t0-5.0GHz, and the bandwidth of 500MHz-to-1.4GHz. The performance

3.5. Summary

of the transmitter is summarized in Table 3.1.

This chapter presents the first reported all-digital UWB transmitter synthesized

completely from standard digital cells, and automatically placed and routed by CAD tools.

This prototype chip verified many of the modeling and calibration techniques introduced in
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Chapter 2 of this thesis for precisely regulating the frequency of a DCO and delay through
a delay line for controlling the center frequency and width of UWB pulses. In the following
chapters, I present components of an all-digital phase-locked loop synthesized from a

standard cell library that uses similar calibration techniques.
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CHAPTER 4

All-Digital Synthesizable Time-to-digital Converter

4.1. Introduction

All-digital phase locked loop (ADPLL) is a recent active research area focused on
replacing conventional analog blocks in a PLL with an all-digital architecture, benefitting
from the performance of advanced digital processes [51][52]. Fig. 4.1 shows the general
block diagram of an ADPLL. In the ADPLL, a time-to-digital converter (TDC) compares
the phase error between the reference clock (F..f) and the divided clock (Fg4iy). Then, the
digitized phase error is filtered by a digital loop filter (DLF), and utilized to control the
frequency of a digitally controlled oscillator (DCO). The TDC and DLF replace a charge
pump and large passive components of conventional analog PLLs, reducing the power
dissipation and area of the ADPLL. Also, the digital interface between the blocks enhances
testability and programmability of the ADPLL. In this architecture, the DLF and the
divider are required to satisfy only timing constraints; thus, they can be implemented with
digital logic circuits. On the other hand, the TDC and DCO directly affect the performance
of the ADPLL. Many structures for TDCs and DCOs have been proposed to achieve high
performance ADPLLs [53-59].

In this chapter, we focus on the TDC, and propose a cyclic Vernier structure which is

synthesized from a standard cell library. The quantization noise from the TDC, however,
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Fig. 4.1. General block diagram of all digital PLL.

impacts in-band phase noise of the ADPLL; thus a high resolution TDC is required. The
proposed TDC achieves high resolution as well as a large detection range through the
cyclic Vernier structure. Another advantage of the proposed TDC is that it is implemented
with only standard digital cells, and the implementation is fully automated through
synthesis and P&R. There is no custom circuit design or custom layout that requires
comprehensive characterization in each process technology, making the TDC a portable
and scalable block. The proposed TDC, therefore, can be included in the automated digital
design flow as other digital blocks, suitable to be a building block for a synthesizable
ADPLL.

Automatic P&R imposes systematic mismatch in the circuits, which has been a barrier
for synthesizable architectures of conventional analog applications. The performance of
the circuits is highly dependent on the matching between blocks, thus custom layout is
prerequisite. In the proposed TDC, we apply a calibration scheme that addresses the
systematic mismatch in the automatically P&R to satisfy a target performance, and

furthermore we exploit the P&R mismatch to obtain higher performance.
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Fig. 4.2. (a) Block diagram of the proposed TDC and (b) timing diagram.

4.2. Cyclic Vernier Time-to-Digital Converter

4.2.1. TDC Architecture

Fig. 4.2 shows the block diagram of a cyclic Vernier TDC [53][54]. The goal of the TDC
is to measure the time difference between the rising edges of the ‘Start’ and ‘Stop’ signals,
which are F,.r and Fgi, in the ADPLL, respectively. When the ‘Start’ is asserted, the slow
DCO starts to oscillate with a period of T, and the number of oscillations is counted by the
coarse counter. After an input delay of Tinpui, the ‘Stop’ signal is asserted which triggers the
faster DCO to oscillate with a period of Tr. At this time, the coarse counter is disabled, and

the output of the counter represents a coarse measurement of the time between ‘Start’ and
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‘Stop’ rising-edges (Tcoarse). TO improve the measurement accuracy, the residue of the
input delay (Tgpe) is measured by the Vernier structure. When Ty is slightly smaller than T,
the time difference between rising edges of the two oscillations is reduced every cycle by
the difference in periods (Ts— Ty), and the edge of the fast DCO eventually catches up with
the slow DCO. By counting the number of cycles it takes for the fast DCO to catch up with
the slow DCO, Ty 1s measured. Then, the overall measurement of T,y can be determined

as follows.
Tinput = tsrop — tstarr 4.1)
Tinput = Teoarse + Tpine = N5 Ts + Np (T — Tf) (4.2)
where Ng and N¢ are the number of cycles of the slow and fast oscillations, respectively,
and (Ts-Ty) 1s programmed to be much smaller than Ts. As shown in Fig. 4.2, the TDC
operates in two-steps; a coarse step and a fine step. The coarse step resolution is the period
of the slow DCO, and the fine step resolution is the difference between the periods of the
two DCOs. Note that the fine resolution does not depend on the absolute frequencies of the
DCOs, but only their difference in periods. This is crucial for the calibration of mismatch
between the P&R-ed DCOs discussed in Section 4.3.

Unlike conventional Vernier delay lines, the cyclic Vernier TDC adopts the ring
structure to extend input range, limited only by the counter size that easily scales according
to application. Also, the linearity of the TDC improves by utilizing the periods of the
DCOs, which is repetitive and consistent over operation, while the delay in Vernier delay
lines is more susceptible to variation and mismatch. The drawbacks of the cyclic Vernier
TDC are the accumulated jitter in ring oscillators, and a large latency of the fine step

measurement. It takes one period of the fast DCO cycle (Ty) to resolve a time difference of
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Fig. 4.3. Digitally controlled oscillator with tri-state buffers. The buffers from standard
cell library are automatically placed-and-routed.

one fine step resolution (Ts — Ty). To reduce the conversion time, we adopt the two-step
operation. The coarse step covers a large input time difference without any latency, and the
residue of the coarse step is measured by the fine step, which is less than one cycle of slow
DCO. Also, this fine step range can be further reduced by the edge detector described in

Section 4.2.3.

4.2.2. Digitally Controlled Oscillator

While the previous cyclic Vernier TDC architectures [53][54] adopt voltage controlled
oscillators (VCOs), which require custom design and layout, the proposed TDC adopts
DCOs that are implemented with standard cells. Fig. 4.3 shows the structure of the DCO.
The DCO consists of three stages, and each stage is implemented with eight parallel
inverting tri-state buffers which are digitally controlled. Tri-state buffers are available in
commercial standard cell libraries. While the load capacitance at each stage is fixed by the
number of buffers and wiring capacitance, the driving strength can be varied by turning on

a different number of tri-state buffers, thereby configuring the frequency of the DCO.
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Since the buffers are automatically P&R-ed by design tools, the placement and routing of
the buffers are not regular as illustrated in Fig. 3, and it results in systematic mismatch in
the wiring capacitance, thus the effective drive strength of each buffer. Though the
individual drive strength cannot be controlled in the automated layout, the placement area
and the wire lengths are constrained by layout algorithms, and the distribution of the P&R
mismatch is predictable at the design phase.

In the proposed TDC, both the slow and fast DCOs are identically designed in the
Verilog description, and automatically P&R-ed. Then, the P&R mismatch is characterized
in the calibration mode, and the DCOs are configured to have slightly different periods,
utilizing the P&R mismatch. The P&R mismatch provides higher resolution for the TDC,
compared to the resolution obtained when the buffers are ideally matched. The calibration

scheme and measured results are shown in Section 4.3.

4.2.3. Edge Detector

Fig. 4.4 shows the structure of the edge detector which detects when the fast and slow
oscillator edges have aligned. At the frontend of the edge detector, a flip-flop detects the
phase of OSC; at the rising edge of OSCy. Since OSCy has a slightly smaller period, it

catches up with OSC; every cycle, and the output of the flip-flop switches when the two
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edges are in line. A flip flop from a standard cell library will have a finite setup time;
therefore, the detection event occurs when the OSC; edge is ahead of OSCr by the setup
time. This will appear as an offset in the TDC measurement, which would be digitally
corrected, or potentially even ignored, in a typical ADPLL application. Another issue with
the flip-flop is metastability. When the two edges are separated by the setup time, the delay
of the flip-flop increases and the output can be metastable; thus the phase of OSC; is not
detected in one cycle period. In the TDC, however, the OSC and OSCr edges get closer by
the fine resolution every cycle, therefore if a metastable condition occurs, the output is
guaranteed to settle at the very next cycle.

Edge detection logic is included in the TDC to determine the direction of the phase shift
(low to high, or high to low), and terminate the fine step measurement early to save power.
When either edge is detected, the ‘Detect’ signal is asserted, and the ‘Edge’ signal indicates
the direction of the detected edge. When the rising edge of OSC; is detected, the ‘Edge’
signal is asserted, and the measured time indicates the fine step measurement (Tgiye). On the
other hand, if the falling edge of OSC; is detected, ‘Edge’ is de-asserted, and half of Ts is
added to the measured time (Fig. 4.5).

While only one edge (rising edge) is detected in conventional TDCs, the proposed edge
detector detects rising and falling edges to save power consumption. Both DCOs are
oscillating during the fine measurement, and the power consumption is proportional to the
measurement time. By detecting either rising or falling edge, and terminating the fine step
measurement, the maximum measurement time is reduced by half, and the maximum

power consumption is reduced by as much.
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Fig. 4.5. Detection of (a) rising and (b) falling edges in the proposed phase detector.

4.3. TDC Calibration Utilizing Mismatch

A key challenge in the standard cell-based implementation is systematic mismatch
induced by automatic P&R, and addressing this mismatch is a primary focus of this thesis.
Unlike custom layout, automatic P&R generates significant mismatch in interconnects,
preventing accurate modeling of the analog performance. The systematic mismatch,
however, can be utilized for a higher resolution, if measured and calibrated accurately.
This section proposes a calibration scheme for the fine TDC resolution.

As shown in Fig. 4.3, there are a total of 23 tri-state buffers in each DCO (3 stages, 8
buffers / stage, and one NAND gate replacing a buffer in the first stage). Fig. 4.6 shows the

measured incremental period in stage 2 of the slow DCO. During a one-time calibration,
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Fig. 4.7. Measured coarse step resolution.

the incremental periods of buffers are measured, and the buffers are sorted based on the
incremental period.

There are two resolutions in the proposed TDC, a coarse step resolution (Ts) and a fine
step resolution (Ts-Ty). First, the coarse step resolution is determined by configuring the
slow DCO. Fig. 4.7 shows the measured coarse step resolution, ranging from 170ps to
480ps. In Fig. 4.7, Ty is increased by turning off one additional buffer at each code in the
rotating order of stages. Although a DCO with three stages in 65nm CMOS can be faster,

the counters synthesized with standard cells cannot operate at the highest frequencies and
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Fig. 4.9. Measured fine step resolution.

become the limiting factor on operating frequency. The DCOs are, therefore, calibrated at
frequencies less than 6GHz, which is sufficient for many ADPLL applications.

The DCOs in the TDC are calibrated with a slightly different technique than described in
Chapter 3 for the UWB transmitter. When the coarse step resolution is determined, the fine
step resolution is obtained by configuring the fast DCO to have a slightly lower period. Fig.
4.8 shows the calibration scheme to utilize P&R mismatch. When the coarse step
resolution, for instance, is obtained by turning on three buffers in each stage, the calibration

starts with turning on the same number of buffers in the fast DCO. First, buffers on top of
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Fig. 4.11. Measured fine step resolution variation over temperature (0°C, 25°C, and
70°C).

the sorted lists are enabled to have a lowest period. Then, the period is slightly increased by
swapping each buffer with a neighboring buffer in the list. Fig. 4.8 illustrates the
calibration process from the fastest DCO configuration to the slowest DCO configuration
when the number of enabled buffers per stage is maintained. The resulting range of period
(Ty) 1s around the coarse step resolution (Ts), and a desired fine step resolution (Ts — T¢) can
be obtained. Fig. 4.9 shows the measured fine step resolution, ranging from 0 to 3.3ps. If

P&R mismatch between two DCOs is excessive, and the whole range of T¢ from the
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calibration is not around Ts, the TDC resolution can be tuned by turning off a different
number of buffers in each DCO. Ultimately, the performance of the TDC is determined by
the fine step resolution. For the ADPLL application, we are therefore mainly interested in
the calibration of the difference between two periods, and less on their absolute values.
Fig. 4.10 and Fig. 4.11 show the measured fine step resolution over supply voltage and
temperature variation. Although the environmental variation significantly affects the
absolute value of the periods, Ts and Tg, we focus on the difference between periods which
determines the fine resolution of the TDC. When configuring the fine resolution as 1ps at
nominal condition, both supply voltage (0.9V) and temperature (70°C) variation increases
the resolution up to 1.5ps. In the ADPLL application, the variation affects the stability of
ADPLL, which is a function of many parameters such as DLF and DCO gain. Thus, the
stability of the ADPLL can be addressed with other ADPLL parameters, considering the

environmental variations.

4.4. TDC Performance

The proposed cyclic Vernier TDC was fabricated in 65nm CMOS, and the micrograph
and layout view of the TDC is shown in Fig. 4.12. All functional blocks are integrated
through automatic P&R so that the TDC occupies a small area. The core area of the TDC is
only 0.006mm”.

The input time difference (Tinpu) in the following measurements is generated by a
Tektronix AWGS5012 arbitrary waveform generator with a step size of 1ps. To eliminate
input jitter from the waveform generator and the measurement setup, each value is

obtained by averaging 1000 measurements in Fig. 4.13 and Fig. 4.15. Also, nonlinearity of
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Fig. 4.12. Micrograph and layout view of TDC.

the generated delay from the AWG5012 is adjusted, and applied in the figures.

4.4.1. TDC measurement

Fig. 4.13 shows the TDC measurement with the two-step operation. The slow DCO is
tuned to have a period of 220ps by turning off the buffers. Then, the period of the fast DCO
is calibrated to have a slightly lower period as described in Section 4.3. Fig. 4.13 shows
two different fine step resolutions, 1ps and 5ps. According to the target performance, the
coarse and fine step resolutions are digitally reconfigured, providing flexibility to the TDC.

Fig. 14(a) shows the single shot measurements of the TDC. Assuming the application of
ADPLLs, the TDC is required to operate with high accuracy when the ADPLL is in lock, or
close to locking. Thus, the single shot measurements are shown for the input range where
the coarse code is zero. The measured standard deviation of the fine codes ranges from
2.7ps to 4.3ps when the fine resolution is set as 5.5ps. Thus the maximum standard

deviation of the single shot measurements is 0.78 LSB.
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Fig. 4.13. Coarse and fine measurement of TDC.

Fig. 14(a) shows that the jitter of the DCO affects the TDC measurement, and the
standard deviation of the fine code increases as the time difference increases. Fig. 14(b)
and Fig. 14(c) show the standard deviation of the measurements over a large range of input
time differences, and the standard deviation over the sum of the coarse and fine codes.
From these figures, the standard deviation can be modeled as a function of the sum of
coarse/fine codes, which fits (4.3).

Std = 0.044 X (coarse code + fine code) + 2.35 ps (4.3)

Eq. (3) indicates that the TDC precision is affected by the measurement range. Assuming
an ADPLL application with a reference frequency of I0MHz, the maximum range is 100ns
which is covered by the ring structure and the on-chip counters. Though the measured
standard deviation at 100ns is 23ps, the precision improves as the ADPLL moves closer to
being locked, and the TDC operates with a precision of 0.78LSB when the ADPLL is

locked.
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Fig. 4.14. (a) Single shot measurements over constant inputs with a fine resolution of
5.5ps, (b) standard deviation over a large range of inputs, and (c) standard deviation
over sum of coarse/fine codes.

4.4.2. Rising/falling Edge Detection and TDC in ADPLL
To reduce the conversion time in the fine step, we proposed an edge detector that detects
both rising and falling edges. Fig. 4.15 shows the measured fine codes when this scheme is

applied. As shown in Fig. 4.15, when the fine step range is over about a half cycle of OSC;,
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Fig. 4.16. Calculated output vs. input time difference. In this figure, the offset from input

signal paths such as cable and PCB is adjusted. The measured duty cycle is 41%, and the

deviation by duty cycle variation is observed.
the edge detector starts to detect falling edges, rather than rising edges. In this way, the
maximum conversion time of the fine step can be reduced by half.

The proposed detection scheme, however, causes inaccuracy in the measurement due to
duty cycle variation. Fig. 4.16 shows the calculated TDC output from the coarse output
code and fine output code. As can be seen in this figure, the calculated output from falling

edge detection deviates from the desired values, if the duty cycle varies. Fig. 4.16 also

shows inaccuracy around multiple cycles of OSC; due to coarse/fine code ratio mismatch.
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The application of the proposed TDC, however, is a phase detector in ADPLLs for clock
synthesis. If the PLL is programmed to be locked close to zero phase error, the phase error
greater than a half cycle of OSCs is used to steer the ADPLL dynamics, and the
performance is dependent only on the lower phase error measurements when the ADPLL is
locked. The measured DNL and INL are less than 1 LSB when the phase error is lower than
a half cycle of OSC;. Though the inaccuracy of the duty cycle affects the pre-lock
operation of the ADPLL, it is not critical for the purpose of the ADPLL when locked.

In the ADPLL application, a target offset value can be subtracted from the TDC output
before it is filtered by DLF as shown in Fig. 4.17. The purpose of the target offset is to lock
the ADPLL while the TDC output is non-zero. When the TDC output is close to zero, it is
possible that cycle slipping could occur, depending on the ADPLL implementation.
Subtracting a target offset value also increases the time difference between ‘Start’ and
‘Stop’ in the TDC measurement when the ADPLL is in lock, thereby increasing the power
consumption. By locking to a positive target offset, the TDC output is maintained around
the offset value, and cycle slipping in the ADPLL can be avoided.

If a target offset, a, is set, the real phase error between two edges are considered to be

(setup time + transient offset + o), where the transient offset is defined as an offset
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originated from transient cycles when the DCOs start to oscillate. Though the absolute
phase is less critical in the proposed application of clock generation, it is required to be
consistent during operation. Environmental variations such as supply voltage and
temperature can cause variation in the phase error during operation, which needs to be
addressed. If the setup time varies, the phase detection point is varied, generating an offset.
In a simulation of the D flip-flop, the setup time varied by as much as 0.8ps over -40°C to
80°C, and it varied by as much as 2.1ps over 0.9V to 1.1V (10% variation). Another source
of offset in the TDC is transient offset due to transient cycles of the DCOs while starting to
oscillate. During this startup time, the period of the DCOs may deviate from the
steady-state period values. Simulations show that the transient offset of the TDC is around
0.5 periods, and it varies by as much as 0.06 periods and 0.08 periods with temperature and

supply voltage variation, respectively.

4.4.3. Power

The power dissipation in the Vernier structure depends on Tinpu, and the sampling
frequency of the TDC. The DCOs, which are the most power hungry blocks in the TDC,
oscillate only when Tinpy 1s measured. Therefore, the TDC operation is duty-cycled, and
power dissipation is proportional to the sampling frequency.

During the coarse step operation, only the slow DCO oscillates, and the measurement
time is the same as the Tcoarse Without any latency. During the fine step operation, however,
both DCOs are oscillating, and the measurement time is inversely proportional to the fine
step resolution, and multiplied by Ts. The measured power consumption during coarse and

fine step measurements is as follows.
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TABLE 4.1
PERFORMANCE SUMMARY OF TDC

This work [54] [55] [56] [57] [58]
Process 65nm 130nm 90nm 130nm 90nm 65nm
CMOS CMOS CMOS CMOS CMOS CMOS
Supply 1.0V 1.5V 1.0V 1.5V 1.2V 1.2V
Die Area 0.006mm? 0.263mm> 0.6mm? 0.04 mm? 0.02mm? 0.02mm?
. . . Cyclic . Gated Passive 2D
Technique Cyclic Vernier Vernier Time amp. Ring osc. Tnterp. Vernier
Resolution 5.5ps 2ps (sim) 1.25ps 6ps 0.6/1.2 4.8ps
=P 8ps (meas) =P P T °P
Single shot 0.008 LSB x
e (coarse+fine) | <1LSB | 0.64LSB - 0.7 LSB -
precision 1042 LSB
Measurement e . . . . .
15 bits 12 bits 9 bits 11 bits 7 bits 7 bits
range
Max. 1.4mW
(coarse) 3.3mW —
Power Max. 0.63mW 7.5mW 3mW 31 5mW 3.6mW 1.7mW
(fine)
Sampling 10MHz 15MHz 10MHz | 50MHz | 180MHz | 5S0MHz
frequency

* The precision varies over the range. The range is 11 bits for a precision less than 1 LSB.

PCOClTSE = 1'4mW X Tcoarse X FS (4‘4)
T.
Pfine =2.6mW x Firf) X Tfine X FS (45)

where Poarse and Prine is power during coarse and fine step, and F; is sampling frequency of

the TDC. The performance of the TDC is summarized in Table 4.1.

4.5. Summary

This chapter presents a prototype TDC designed for all-digital PLLs. The main
advantage of this TDC over other presented work is the synthesis from a standard cell

library using automatic P&R tools. In this case, it resulted in a TDC much smaller and
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lower power than other TDCs presented, without much loss in resolution. In the next

Chapter, a complete ADPLL is presented using this TDC architecture.
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Chapter 5

Synthesizable ADPLL

In this chapter, we present measurement results of a synthesized ADPLL. The ADPLL is
implemented with the proposed DCO and TDC; thus all functional blocks are synthesized
from a standard cell library. Though ADPLL is currently a very active research area, this is
the first ADPLL fully implemented with standard cells, following the automatic design
flow. The ADPLL can be applied to clock generation of digital systems, and portability of
the proposed ADPLL to other designs and processes is useful for fast turnaround of digital

systems.

5.1. Introduction

Recently published all-digital phase locked loops (ADPLL) have shown several
advantages over conventional analog PLLs, in terms of area, scalability, testability, and
programmability [27-31]. This section presents an ADPLL suitable for clock synthesis for
digital systems such as microprocessors. All functional blocks in the ADPLL are designed
with digital standard cells, synthesized from a commercial cell library, and automatically
placed and routed (P&R) using design tools. The design procedure of this completely

synthesizable ADPLL significantly shortens the design time compared to custom circuit
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design and layout, and it enhances portability of the ADPLL as a building block for various
applications. Automatic P&R introduces variation in the placement and routing of cells in
the ADPLL. This is particularly a challenge in the design of precision blocks such as the
digitally controlled oscillator (DCO) and time-to-digital converter (TDC). A calibration
scheme is presented that accounts for systematic mismatch from automatic layout of the
DCO, which is also applied to the DCO-based TDC. The calibration for the DCO in this
ADPLL differs from calibration schemes presented in prior chapters in that this calibration
operates in a closed-loop controller. This means the state of the DCO buffers must be
maintained and ordering taken into account when the controller issues commands to speed
up or slow down the DCO frequency. For this reason, a local SRAM is implemented with

the ADPLL.

5.2. ADPLL Architecture

A block diagram of the proposed ADPLL is shown in Fig. 5.1. The TDC compares the
edges of the reference clock (F}) and the divided output clock (Fg,), and provides 16-bit
phase difference measurements to the digital loop filter (DLF). The proposed TDC
operates in two steps; a coarse step and a fine step, producing 8 MSBs and 8 LSBs,
respectively. The prescaler combines this output by weighting the MSBs and the LSBs
separately, making a 16-bit input to the DLF. This enables floating point processing of the
TDC output, and provides more programmability of the coarse/fine step resolutions. The
DLF consists of a proportional path and an integral path, each with programmable
coefficients. The 3-bit MSBs of the DLF output determine whether the DCO controller

increases, decreases, or holds the DCO frequency. The 8-bit LSBs of the DLF output are

78



DCO control with local memory
TDC 12 Calibratonof [ —m—m ™ T T 77 1

---------- |
Counter TDC | | Memory '
F ) I :
P 8 I # |
. .. > 16 .. I . | Fout
Time-to-Digital Pre- Digital Ly DCO Ring X -~
Converter .| Scaler[7 | Loop Filter [ 73 1™ | Controller 74 pco [,
= |
7 | ) :
:= Dithering '
8 2 |
L__# _________ |
1/4
Fref Faw Integer-N | _ i JULLL
Dividier |
i i 16
Calibration of <// DCO

DCO Counter

Fig. 5.1. Block diagram of proposed ADPLL.

used to dither the DCO frequency to reduce the effect of limit cycles. The dithering block is
clocked at a higher frequency of F,,, /4. Finally, F,,, is divided by an integer N (1-to-511),
and compared with F,.. In calibration mode, on-chip counters are used for one-time
characterization of the TDC and the DCO, which is later used to control them in locking

mode.

5.3. Circuit Implementation

5.3.1. DCO and DCO Controller

All blocks, including the DCO, are constructed only of standard cells and synthesized
from a commercial cell library. Fig. 5.2 shows the block diagram of the DCO and control
blocks. The DCO consists of 5 stages, and each stage is implemented with 64 inverting
tri-state buffers connected in parallel (63 buffers in Stagel). The maximum frequency is

obtained when all buffers are turned on, and the frequency is reduced by turning off buffers.
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Fig. 5.2. Block diagram of DCO and control blocks.

Instead of custom layout to achieve matched delays [29-31], the buffers in the DCO are
P&R’ed by design tools. Similar to the DCOs in the UWB transmitter and TDC, this
introduces systematic mismatch between buffer delays that is dominated by routing
variation. In calibration mode, the effective drive strength of each buffer is measured,
capturing the relative differences between buffers. Buffers are sorted based on drive
strength, and the reordered indexes are stored in a local memory. The DCO controller
decodes one row of the memory each cycle, and turns on/off the indexed buffers according
to the DLF output. This reordering procedure provides a coarse/fine frequency control, and
improves the resolution of the DCO. Two buffers in Stage2 and Stage3 are dedicated to
dither the DCO frequency. The dithering block generates 2-bit control signals to
pseudo-randomly turn on/off the buffers at a rate proportional to the 8 LSBs of the DLF

output.
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Fig. 5.3. Calibration algorithm utilizing systematic mismatch.

Fig. 5.3 illustrates the DCO control scheme to address systematic mismatch caused by
automatic P&R. When all buffers are enabled, the DCO oscillates at its maximum
frequency. If only one buffer is turned off, the DCO period slightly increases. We refer to
this as the incremental period for that buffer, implying an effective drive strength of each
buffer. The measured incremental periods for the 62 buffers in Stagel of the DCO are
shown in Fig. 5.3. The buffers in each stage are reordered based on the incremental periods
and stored in the memory while in calibration mode. When the ADPLL is in locking mode,
the DCO controller turns off the buffers following the order stored in memory. During
coarse control, 5 buffers at a time are turned off from the top of the memory, which has the
highest drive strengths. During fine control, only one buffer is turned off from the bottom

of the memory, which has the lowest drive strengths. The coarse control range is
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Fig. 5.4. Measured DCO frequency control over (a) voltage, (b) temperature, and (c)
process variation.

programmable by the starting memory address, which enables fast-locking at a target
frequency range. The fine control achieves higher resolution by turning off buffers with the
lowest drive strength. The measured fine-frequency resolution is 3MHz/step at 2.5GHz.

This coarse/fine frequency control is obtained due to systematic mismatch by automatic
P&R. If the buffers and wiring were completely matched, the incremental periods of the
buffers would all be the same, and a coarse/fine tuning would not be possible. Instead, the
frequency would be determined only by the absolute number of enabled buffers, regardless
of which ones were used. The proposed calibration scheme therefore leverages the
systematic wiring mismatch by reordering buffers to achieve better resolution at desired
coarse frequency bands.

To address the sensitivity of the synthesized ADPLL over environmental variations, the

DCO frequency control is measured over PVT variation as shown in Fig. 5.4. The DCO
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Fig. 5.5. Measured incremental period of buffers in Stagel over (a) voltage, (b)
temperature, and (c) process variation.

frequency varies less than 10% and 15% over the voltage and temperature variation,
respectively. The maximum DCO frequencies of 5 chips are also measured to address
process variation. The mean of the maximum frequency is 2.9GHz with a standard
deviation is 37.4MHz. The above PVT variation is within a few coarse control steps in the
proposed calibration scheme, and can be overcome by the broad DCO frequency range and
its programmability when the ADPLL operates in closed-loop.

The proposed calibration scheme requires a consistent order of the buffers over supply
voltage and temperature variations, since the index of buffers is reordered and stored in the
memory while in calibration mode, and remains during the ADPLL locking mode. Since
the systematic mismatch is dominant in the automatically P&R-ed DCO, the order of the
buffers’ drive strengths is relatively consistent over environmental variations as shown in

Fig. 5.5 by the same relative shapes of the incremental periods, resulting in the same sorted
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order. Thus, the reordering process can be done once per chip, and applied to the frequency

control.

5.3.2. Time to digital converter

We use a DCO-based Vernier TDC to measure the phase difference between F,.rand Fi,.
As shown in Fig. 5.6, the TDC employs two DCOs with slightly different periods, and the
phase difference is measured in two steps. First, the coarse time difference is measured by
counting the number of slow DCO cycles between the two rising edges. Second, the
residue of the time difference is measured by counting the number of fast DCO cycles
during the time it takes the fast DCO to catch up to the slow DCO. Therefore, the coarse
step resolution is the slow DCO period, and the fine step resolution is the difference
between the fast and slow DCO periods. We adopt the same structure for the DCOs as
shown in Fig. 5.2, and apply the same ordering of the effective drive strengths as described
in Fig. 5.3. The measured coarse step resolution can be tuned between 160ps and 1ns, and
varies with environmental conditions. However, when the ADPLL is locked, the phase
difference is nearly zero and the coarse step is not needed. Performance is therefore defined
by the fine step resolution, which is the difference between fast and slow DCO periods.
Similar to the TDC presented in Chapter 4, the fast and slow DCOs are identically
specified at design time, and P&R mismatch provides the period differences. The tunable
period difference after calibration is shown in Fig. 5.6. The fast and slow DCOs are
controlled together for the target period difference, which is as low as 1ps. Fig. 5.6 also
shows the period difference over environmental variation. Though the absolute values of

both periods are affected by the environment, the difference in periods shows little
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Fig. 5.6. Block diagram of TDC and fine step resolution control.

variation. Calibration of the TDC is therefore needed once to account for the systematic

mismatch.

5.3.3. Prescaler

In the two-step measurement of the TDC, the coarse step resolution is the period of the
slow DCO, and the fine step resolution is the difference between two periods of the fast and
slow DCOs; thus, the units of the coarse and fine counter values are the coarse step
resolution and the fine step resolution, respectively. To concatenate 8 bits from each
counter to form the input to the following DLF, the coarse step resolution is required to be

2% times the fine step resolution.
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Fig. 5.7. Description of prescaler operation.

Fig. 5.7 shows the operation of the prescaler, which helps match the units of coarse and
fine measurements. According to programmable control codes, the coarse counter output
and the fine counter output are shifted, and concatenated. This is also useful for flexible
PLL performance. Depending on the resolution requirements of the ADPLL, the fine
resolution is programmed, and the fine counter output is shifted accordingly, without

re-calibrating the coarse step resolution.

5.3.4. Digital loop filter

Fig. 5.8 shows the model of the DLF, which is a programmable digital filter with a
proportional path and integral path. The proportional coefficient (Kp) and integral
coefficient (K;) are programmed according to the desired performance of the ADPLL, and
the coefficients are chosen to be power of two; thus the internal values are shifted rather
than multiplied. The input to the DLF is the 16-bit scaled TDC output, and the output of the
DLF is internally 16-bits. The DCO control scheme, however, turns on or off one buffer at

a time, and therefore does not require all 16 bits. Thus, 11 bits of the filter output are wired
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Fig. 5.9. Structure of counter-based divider.

to the DCO controller. The 3 MSB bits of the DLF output are used by the DCO controller
to determine whether to turn on or off buffers to increase or decrease the frequency, and the
8 LSB bits of the DLF output are passed to the dithering block, which finely controls the

DCO frequency.

5.3.5. Divider
The divider in the ADPLL is counter-based (Fig. 5.9), and the integer-N divide value is
programmable from 1 to 511. Since the input signal has a relatively high frequency of over

2GHz, the first two bits of the internal counter are structurally described in Verilog with an
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inverting D-flip flop chain, and later bits are counted by a synthesized counter. The

following divider logic outputs an oscillating signal with a divided frequency.

5.3.6. Linear model of ADPLL

A linear model of the overall ADPLL is required to obtain the loop dynamics of the
system and predict the phase noise at the output. First, a simplified linear model of each
functional block is obtained, and the overall loop transfer function, G(s), is calculated. Fig.
5.10 shows the linear model of the overall system. In the TDC, the phase information is
converted to time, and the time is digitized. Thus, the gain of the TDC is expressed as

follows.

T
2m-ATDC

(5.1)

Gainppc =

where T is the reference period, and ATDC is the fine resolution of the TDC.
The DLF can also be expressed as a linear block with a transfer function, H(z). Since the
DLF is a discrete-time functional block, H(z) is expressed in z-domain that is obtained

from Fig. 5.8.
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Ki
1-z71

H(z) = Kp + (5.2)

The proposed DCO controller turns on or off only one buffer at a time, which is not linear
operation. However, the dithering process increases or decreases the frequency
proportional to the output of the DLF when the ADPLL is in lock, which approximates the
DCO control as a linear block. Since the phase is obtained by integrating the frequency of

the DCO, the overall gain of the DCO is expressed as (5.3) in the s-domain.

Gainpcg = 25iDCo (5.3)

s
The divider divides the phase by N, and discrete/continuous time domain conversion is
expressed with T and 1/T.
Combining the above linear models of the components in the system, we can obtain an
open loop gain, A(s).

2m-Kpco 1

A(s) = N

H(s) - (5.4)

T
2m-ATDC

H(S) = H(Z)|2_1+5T/2 (5.5)
T1-sT/2
where the transfer function of the DLF is transformed to the s-domain through the

bilinear transformation. Then, a closed loop transfer function, G(s), is derived from

(5.6).

_ A
G(S) =15 (5.6)

From (5.6), the closed loop bandwidth of the overall system is around 1MHz, which is one
tenth of the reference frequency.
Fig. 5.11 shows the linear model of the overall ADPLL with noise sources. Various noise

sources can be simplified as two primary sources, which are the TDC quantization noise (tq)
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Fig. 5.11. Linear model of ADPLL with noise sources.

and the DCO phase noise (P,). Then, the transfer functions between noise sources and the

output phase are derived as (5.7) and (5.8).

‘K
out(® _ (ﬁ)'H(s).T.(Zﬂ%co) .
tqlK] 1+(ﬁ)H(S)T(KD%)(%) ‘
out(t) — 1 (5 8)

n® 1+ (g HOT ()

From (5.7), the quantization noise is low-pass filtered by the loop, thus dominating the
ADPLL phase noise at low frequency offsets. The DCO phase noise, however, is high-pass
filtered by the loop as shown in (5.8), thus dominating the noise at high frequency offsets.
The phase noise of the ADPLL is the sum of spectral densities of TDC-referred and
DCO-referred noise, which can be calculated from (5.7)-(5.8) and the spectral densities of
the noise sources.

We are interested in the phase noise of the ADPLL, since it is related with period jitter of
the output clock signal which is the main figure of merit for clock synthesis. The relation

between phase noise and period jitter can be derived as (5.9) [68],

. o] . f.
Jitter, s = n-ifc\/fo S(f)sin? (;[—c)df (5.9)
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where f; is the center frequency, and L(f) is the phase noise of the ADPLL. The jitter in the

clock signal from the ADPLL is a function of the phase noise in the spectrum, which can be

addressed with noise sources in the TDC and the DCO, and design par

loop transfer function, G(s).

5.4. Measurement Results

The ADPLL was fabricated in 65nm CMOS. The active area of the ADPLL is
185x190um?, and the memory occupies an additional 85x90pm?. The ADPLL operates at
1.1V, and the output frequency locks from 1.5GHz to 2.7GHz. Fig. 5.

jitter, and power consumption of the ADPLL. At 2.5GHz, the RMS and peak-to-peak jitter
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Fig. 5.13. Die micrograph of ADPLL.

i1s 3.2psmms and 36psp,, respectively. The ADPLL dissipates 4.6mW/GHz over the
frequency range with an offset of 2.2mW. The chip micrograph of the ADPLL is shown in

Fig. 5.13, and the performance is summarized in Table 5.1.

5.5. Summary

This is the first reported ADPLL to be designed completely from standard logic cell and
automatically placed and routed by CAD tools. While the performance is comparable to
other recently reported ADPLLs, the main advantage of this synthesized ADPLL is the
design cycle time is much shorter when compared to other ADPLLs with custom design

and layout.
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TABLE 5.1

PERFORMANCE SUMMARY OF ADPLL

This work [27] [28] [29]
Process 65nm CMOS 65nm CMOS 65nm CMOS 65nm CMOS
technology
Area 0.042mm> 0.045mm> 0.027mm?> 0.048mm>
Supply Voltage L1V 1.3V/1.1V 1.1-1.3V 1.2V
Power 13.7mW 11.6mW ] 19.7mW
@ 2.5GHz @ 3GHz @ 2GHz
Output 15t02.9GHz | 0.19 t0 427GHz | 600 to 800MHz | to 2GHz
frequency
3.6PSims 1.4DPSms 21PSims 1.0pSms
@ 2.5GHz @ 3GHz @ 800MHz @ 2GHz
Jitter
46pspyp 15psyp 193pspp 16.6psyyp
@ 2.5GHz @ 3GHz @ 800MHz @ 2GHz
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Chapter 6

Conclusions

With the introduction of nanometer-scale CMOS technologies, all-digital architectures
have been proposed to take advantage of digital circuits, while analog circuits suffer from
reduced supply voltage and increased noise. All-digital architectures, however, still depend
on custom circuits and layouts, which do not fully utilize advanced design automation
common in digital designs. To incorporate all-digital architectures in the automated design
flow, a cell-based design methodology was proposed. In this design procedure, circuits are
described in hardware description languages such as Verilog, then, synthesized and
P&R-ed by automatic design tools; thereby providing higher integration, portability, and
scalability. Also, standard cell engineering provides building blocks for the circuits in
advanced process technologies, where the cells only benefit from process scaling.

This work covered several aspects of cell-based design for synthesizable analog/RF
applications. First, the cell-based design requires structural modification, which enables
synthesizable circuits. A core block, a cell-based DCO is proposed. Implemented with
tri-state buffers connected in parallel, the DCO is P&R-ed by automatic design tools. The
cell-based DCO can be applied to many applications such as transmitters and PLLs,
replacing custom oscillators. Since oscillators are core blocks in analog/RF circuits, the

cell-based DCO can be an important milestone for synthesizable analog/RF circuits.
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While automatic P&R increases productivity of cell-based designs, it also imposes
systematic mismatch that cannot be characterized with conventional verification methods.
To address the effect of P&R, a concept of effective drive strength was proposed, and
applied to the timing model and calibration scheme. The proposed timing model based on
effective drive strength captures the effect of P&R in the parallel structures, and the
distribution of effective drive strength was approximated with only placement information
with low error. This model can be applied in two ways; first, the placement of buffers can
be specified to achieve a target performance, which can be done easily with script for
design tools. Second, the placement of buffers by P&R can be statistically modeled. Then,
the distribution of effective drive strength, thereby the performance of cell-based DCO,
can be also statistically modeled.

Finally, the proposed calibration scheme provided a monotonic frequency control with
improved resolution. Since the number of configurations of the DCO increases
exponentially with the number of buffers, frequency control becomes complicated as the
size of the DCO grows. By sorting the buffers and storing them in a memory, the frequency
control is dramatically simplified. Though it requires additional functionality for sorting
and storing buffer control signals, the systematic mismatch is dominated by layout which is
consistent over process, voltage, and temperature variation. Thus, the initial calibration
may be done only once per design, reducing manufacturing cost.

The feasibility of the proposed cell-based circuits for analog/RF application was verified
through prototypes, an IR-UWB transmitter, a TDC, and an ADPLL. The proposed
structures, timing model, and calibration schemes allowed these all-digital architectures to

be synthesizable, and the measurements of the prototypes showed comparable
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performance as well as advantages of the cell-based designs. The prototypes, however, also
point out design challenges which are required to be addressed in the future. First, standard
cells are single-ended; thus, the circuits are susceptible to supply noise. To reduce the
supply noise, sensitive circuit blocks require a separate supply domain, or differential cell
structures need to be proposed. Also, the signal from the cell-based design includes a DC
component, which requires an off-chip filter for RF applications. Second, the proposed
design requires calibration structures such as an embedded memory and on-chip counter,
and additional manufacturing process for calibration. Though the relative cost of additional
circuitry decreases as process scales, some applications still require minimal designs which
are advantageous in terms of area and power consumption. Finally, the proposed
calibration scheme can also be affected by reduced supply voltage. As shown in Chapter 2,
it is possible that random effects become more apparent as supply voltage scales. To
maintain the dominance of systematic mismatch, which is useful to simplify the calibration,
the buffers are required to be distributed sparsely during P&R, trading off area and power.
With efforts in structural study, modeling, and calibration to address the above design
challenges, the proposed cell-based design becomes more promising in the advance

process technologies.
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