ABSTRACT

BHANUSHALLI, KIRTI NARAYAN. On Implementing Power-Efficient and Scalable Short-Range
RF-powered Radios using RF-only Architectures. (Under the direction of Paul D. Franzon.)

The onset of the Internet of Things has fueled research into wireless radios that are compact,
power-efficient, and low-cost. Using batteries to power these radios would entail significant
limitations for low-cost applications that require long-term operation, due to the increase in
overall system size and battery cost, and limited battery lifetime. In addition, applications like
electronic implants, and RF-powered “dielets" for detection of counterfeit Integrated chips in the
supply chain, need compact short-range radios. Thus there has been a major push towards design
of battery-less radios like RF-powered radios. As radio form-factors are scaled by designing
them in advanced technology nodes, the design of conventional RF-powered radios faces a
bottleneck, since area-inefficient rectifiers and storage capacitors do not scale with technology. In
addition, RF-power management units are essentially analog, and require careful custom design
- this makes them difficult to port to a different IC technology. These RF-to-DC conversion
blocks can be eliminated by directly powering the digital circuits by using the RF-source. This
can be made possible by a scalable RF-only logic approach, that enables complete digital
implementation, and uses distributed rectification throughout the system. However, it introduces
new challenges - including increased power consumption when operating at RF frequencies.

The first contribution of this research, is the design and characterization of a power efficient
approach for RF-only logic by using dual-phase and quadrature-phase powering scheme. This
approach is shown to improve the power-conversion efficiency by 2X as compared to a single-
phase RF-only scheme.

As a proof-of-concept for RF-only logic systems, a successful design and demonstration
of a distributed rectification based EPC Gen2 RFID tag is presented. This tag operates in the
ultra-high frequency band, and is fabricated in a 130nm bulk CMOS process. Measurement
results show that the tag is compatible with EPC Gen2 RFID protocol, and occupies significantly
less area when compared with prior published works- but at the cost of reduced communication
distance.

Improvement in the communication distance is achieved by the second key contribution of
this research, a mainly digital Gen2-RFID tag. This tag is enabled by a) largely standard cell-
based digital implementation using dual-phase RF-only logic approach, and b) near-threshold

voltage operation. It shows a >8dB improvement in input sensitivity as verified through mea-



surement results. This is the first mainly digital and the smallest EPC Gen2 compatible RFID
tag, with a design area of 125mm  245mm. It has a sensitivity of -2 dBm while operating in the
860-960MHz UHF band, and is designed in a 55nm CMOS process. In this demonstration, all
but six cells were directly used from the standard cell library provided by the foundry, allowing
for the RFID chip to be easily portable between processes. This makes it further suitable for
cost-sensitive applications, and as part of embedded RFIDs for tagging counterfeit ICs.
Another key contribution of this thesis lies in the exploration of the charge-recycling nature
of RF-only circuits for the ultra-low power and low RF-frequency applications. Similar to
traditional charge recycling architectures, it is achieved by minimizing the voltage drop across
transistors, thus reducing the dynamic power consumption of the logic gate. This approach
leverages the fact that charge-recycling circuits use the same AC supply as both power and
clock. This directly applies to RF-only logic circuits works, since they are directly powered
by RF-signal. This is done by ensuring that data-rate are equivalent to RF-supply frequency
and transition-time is > 4RC/a (a= activity factor). Different charge-recycling system level
implementations of RF-only logic are demonstrated, showing upto 2X power improvement over
DC based systems, with only 15% increase in overall chip area as verified through simulations.
It can be realized by standard cell design flow since this approach is mostly CMOS-logic based

in nature.
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CHAPTER

1

INTRODUCTION

The arrival of the Internet of Things (IoT) has resulted in an exponential increase in the
number of connected devices. Low-cost and low-power circuits are the key enablers for this
emerging market. About 34 billion devices are projected to be connected to the Internet by
2020 [GC15], and powering them would require an equally large number of batteries. Batteries
are conventionally used to power electronic systems. However, most of these miniaturized
systems like biomedical implants [Biel3; Joul7], smart-dust sensors [WP04], and inventory
management/asset tracking applications [Gro18] demand systems with smaller form factors -
limiting the size of the battery [Lull]. The small form factor also limits the energy capacity,
resulting in battery depletion in a short period of time. Frequent battery replacements are not
ideal since they can be expensive and often infeasible for most applications (e.g. remote sensing,
implants, etc.). Thus, battery powered sensor networks rarely meet all the design goals of
low-cost, lifetime, sensing reliability, and transmission coverage [SK11].

RF-powered systems have emerged as a possible alternative to power these miniaturized
systems. RF-power is a stable energy source, enabled by dedicated energy sources like an
RFID reader or by the presence of ambient communication and broadcast signals like TV/radio



broadcast, WiFi etc [Kim14]. Another advantage to this source is that RF power does not need
to be line-of-sight to be able to power these systems. Thus, RF-powered “passive"” wireless
devices, compared to their battery-assisted counterparts, help reduce cost and minimize overall
system size[Tab14; Arb14; Rajl17]. Thus, there has been a major push towards the development
of battery-less radio integrated circuits (ICs), including Radio Frequency Identi cation (RFID)
tags. Since a signi cant portion of the production cost for RFID tags comes from the cost of
IC fabrication, it is important to keep the chip area low [Gro18]. A compact area is also a key
speci cation for short-range RF-powered radio applications such as electronic implants, and
RF-powered “dielets" that can be used for detection of counterfeit Integrated chips in the supply
chain [Leel4b; Zhal8a; Zhal9].

1.1 RF-powered systems

An example of an RF-powered system with a dedicated RF-power source is shown in Figure 1.1.
In this system, the RF-power source/hub provides power to the sensors/RFIDs, as well as acts as
a central hub that communicates with a set of sensor/RFIDs that are a part of the network. These
systems are generally asymmetric in terms of design complexity: the sensor/RFID devices are
designed for lowest power and minimum design complexity, while the RF-power transceiver is
designed to provide high output RF-power, and has very low receiver sensitivity and high Signal
to Noise Ratio (SNR).

Figure 1.1 A standard RF-powering/communication architecture



Figure 1.2 Simulated plot showing the range vs the input power for an RF-powered radio.

The range of these systems is generally de ned by the minimum at which the RF-powered
sensor/RFID can still function. The range of an RF-powered radio with respect to its available
input power is shown in Fig. 1.2. RF-powered sensors/RFIDs thus come in different avors:
passive (with no batteries), and semi-passive (usually using battery for the Receiver). However,
for most applications, RF-powered sensor/RFIDs are entirely passive in nature, and that is the
focus of this work.

Figure 1.3Power solution front-end of passive RFID tags



1.1.1 Passive RF-power

One of the most popular methods used for powering devices from ambient or directed radio
frequency (RF) sources is by rectifying the incident RF-power to a DC voltage using a multi-
stage power recti er, as shown in Fig. 1.3. These RF-to-DC conversion blocks are mainly
characterized by their a.) power-conversion-ef ciency, the ratio of output DC power to the
incident input RF-power, and b.) sensitivity, the minimum incident RF-power level for which the
radio is operational. On-chip storage capacit@sr], acting as reservoirs, store the harvested
energy, and reduce power level uctuations during operation. The minimum amoQgt &
de ned by the maximum allowed supply voltage variati®g.op) and the energy budget for
duty-cycled operations.

These design considerations usually lead to a minimum on&kipalue in the hundreds
of pF range, which occupies signi cant chip area in CMOS technology [Bar07; Yin10; Leel4a].
In addition, these RF-to-DC conversion circuits require the incident signal voltage to exceed
the forward diode voltage drop for full-wave recti cation, thus making them inef cient. This
has been mitigated by using substrate biased transistors, but at the expense of increased device
leakage [Kot09]. To boost the low input voltages to DC voltages suitable for operating the
succeeding CMOS circuitry, multiple charge pump stages are required, further limiting ef ciency
and increasing chip area [Yin10] [YH14]. The ef ciency of these circuits varies from 20% to
75%, based on input power and RF frequency [Kot09] [YH14] [Mogl17]. However, the increase
in power-conversion ef ciency comes at a cost of increase in area [Mog17].

1.1.2 Area, scaling, and portability of RF-to-DC conversion circuits

Figure 1.4 A common charge-pump architecture [Kot09]

An example of a charge-pump circuit used for RF powered applications, based;pn a



cancellation technique, is shown in 1.4. The circuit has a cross-coupled differential CMOS
con guration with a bridge structure. The intermediate cross-coupling nodes are connected to
the RF input terminal through a coupling capacifigr and the smoothing/storage capacitor
Cstis connected in parallel with the loa@; is generally implemented on-chip using Metal-
Insulator-Metal (MIM) capacitors or other Metal-On-Metal (MOM) capacitors, wide can
be implemented using high density n-capacitors.

In RFID tag implementations, the charge-pump circuit U Ge# the order of hundreds
of fF, andCsT in the order of hundreds of pF, which can be area intensive on-chip. Together,
the recti er and the charge pump occupy more than 25% of the overall chip area when used
in RFID applications [Phal3; Yinl10; YH14; Leel4a]. The chip-layouts for other RF-powered
radios are also inspected, and indicate that RF-to-DC conversion blocks take-up a signi cant
portion of the chip area [Raj17].

Table 1.1A comparison of NCAPs and MOM/MIM capacitors across different CMOS processes used
to demonstrate scaling in capacitance are density with technology.

22nm FDSOI| 45nm SOI| 55nm/65nm Bulk| 130nm Bulk
NCAP(fF/rrmZ) 26 19-21 44.6 11.3
MOM/MIM (fF/ rrm2) 7.67 2.6 2.69 3.1(Dual MIM)

As demand for smaller RF-powered radios increases, ICs would need to be implemented in
highly scaled CMOS processes, and thus it becomes important to study the scaling of capacitors
with technology. Table 1.1 shows a comparison of the capacitance density of NCAPs and
MOM/MIM capacitors in different CMOS processes. It can be seen that the scaling in area of
these capacitances does not follow linearly with scaling in technology. As technology scales
6x from 130nm to 22nm, the active transistor area is expected to scale by 36x. On the other
hand, the area occupied by capacitors only scales by 3-4x. For example, in a 130nm and a 22nm
process, a 100pF NCAP occupies an area of 18t#5and 4500rm? respectively, which is
only a 4.5x improvement in density. Thus battery-less RF-powered radios in terms of area face
a two-pronged challenge: a.) the charge pumps, storage capacitor and the regulator consume a
signi cant chip area, and b.) the design blocks do not scale well with technology. This indicates
that circuit architectures that do away with capacitors may have a better potential in scaling with
technology nodes.



The RF-power management unit is essentially analog and it requires careful custom design.
Such components are dif cult to port to a different IC technology and are thus best built as a
custom chip. However, if this RFID function could be implemented largely using digital IP
blocks, then it would be possible to readily port the design between different chip technologies
quickly and ef ciently. This design could be useful especially in applications like the DARPA
shield project [Leel4b; Leeb]. The DARPA shield program has the goal of developing a Near
Field Coupled (NFC) RFID die that could be attached to a component ( microprocessor, SoC,
ASIC, etc.) for use as a supply chain management, authenticating feature and for obscuration
countermeasures. Previously, these systems had to be a separate chip as RFIDs are essentially
analog. However, with digital IP blocks are used then it cann be embedded within the targeted
component itself.

1.1.3 How can we design a scalable, compact RF-powered microsystem?

One approach to design scalable circuits is through a complete digital implementéi®n.

can be achieved by eliminating the RF-to-DC conversion circuit and power-management

units, and instead directly powering the circuits from the RF-source.To this end, various
approaches that power the RFID tags directly with AC signals have been proposed and demon-
strated. These prior works are all targeted at improving the RFID sensitivity. Many previous
architectures shown in literature have been based on the development of Low Frequency (LF)
and High-Frequency (HF) tags using adiabatic logic [DD95; Ath94; HMO7; MCOQ7], however,
adiabatic logic based architectures primarily focus on reduction of power consumption and end
up increasing circuit area. Other AC-powering schemes for digital circuits have also been found
to be area-intensive [Wen07; Bri04] due to introduction of additional control circuitry.

Another direct RF-powering solution is using RF-only logic circuits, which is a novel circuit
architecture presented in [Gad13; Zhal8b; Zhal6]. This approach has also been investigated for
the system level implementation of an EPC Gen2 RFID tag and shows a signi cant improvement
in area [Zhal6] when compared to prior publications. In brief, this architecture uses two power
supply transistors that steer current through the logic circuit during one half-cycle of the RF-
signal and retains the output during the other half-cycle. This architecture eliminates the need
for Cst by implementation of a.) a digital powering scheme which uses data-retention ip- ops
to retain the state of system when RF-power supply falls below a set voltage-threshold, and b.)
a standard cell library that is characterized over a range of voltages, and can function under
RF-power supply variation. A robust digital core can thus be implemented by incorporating



voltage droop and variation characteristics as part of the digital design ow. Thus at system-level
this architecture primarily relies on

1. A distributed recti cation scheme

2. Design and characterization of area-ef cient logic gates to operate on ripple-heavy RF-
power supply voltage

3. Utilization of data-retention ip- ops to retain the system-state during low RF-periods.

4. A mainly digital design approach enabling easier portability to newer technologies and
compatibility with CMOS logic unlike other AC-based systems.

To verify the scalability of the RF-only architecture, a minimum sized inverter is designed
and laid out in a 130nm and a 22nm process, and is shown to occupy an areanoh# 821
0.3mm? respectively, which is a 14.4x reduction in area.

Figure 1.5Comparison of RF-only logic's advantages based on the RF-power frequency



1.1.4 Focus of this work

Design using RF-only logic provides several advantages over the use of RF-to-DC conversion
circuits in RF-powered applications, speci cally in area ef ciency and scaling. However, it
presents a unique set of challenges based on the RF-frequency and power - this provides
signi cant scope for research.

The challenges and advantages of RF-only logic approach can be divided into two sections
as explained below and shown in Fig 1.5:

» RF-power frequency » Clock frequency/Data rate: RF-only logic is primarily suited for
digital implementations, and also consumes more power as compared to conventional
CMOS digital logic when the RF-power frequency is much greater than the clock fre-
guency. This is because of a signi cantly higher static power from RF-feedthrough on the
output node, and results in a trade-off between power-consumption and area. This issue
calls for a need to develop techniques that improve the power conversion ef ciency.

» RF-power frequency Clock frequency/Data rate: If the RF-power frequency is comparable
to the clock frequency, then the system has a potential to achieve signi cant power
reduction. This is a result of the adiabatic nature of the circuit as well as due to charge
recycling - thus reducing the dynamic power. However, this approach needs to be further
explored.

This work focuses on power-ef cient implementations of RF-powered radios using RF-
only logic, speci cally using subthreshold/near threshold voltage techniques and with dual-
phase/quad-phase powering methods that help improve power conversion ef ciency. Further-
more, this work implements a set of circuits as shown in 1.6. Finally, alternative architectures
and topologies for RF-only logic implementations are also proposed. To summarize, this work
proposes to design scalable, short range and compact RF-powered radios by reallocating the
energy and area-ef ciency challenge to the implementation of the digital core, through design
of low-power as well as area-ef cient RF-only architectures.

1.1.5 Scope of Contribution of this work

1. Development, demonstration and analysis of dual-phase and quad-phase RF-only logic
circuits for improved power conversion ef ciency.



Figure 1.6 RF-only logic's circuit blocks implemented for different frequency range
2. Development and demonstration of distributed recti cation based EPC Gen2-RFID tag
designed using RF-only logic.

3. Demonstration of a low-power EPC Gen2-RFID tag implemented in near-threshold volt-
age region using dual-phase RF-only logic. This implementation uses primarily foundry
provided standard cell library, thus enabling easier portability between technologies.

4. Demonstration of charge-recycling and adiabatic nature of RF-only logic for a standard-
cell-design- ow design compatible implementation that achieves higher energy ef ciency
than DC based systems.

5. Development and demonstration of a compact RF-powered backscatter radio for non-Gen2
applications.

1.2 Outline of the dissertation

This dissertation is organized as followed:



» Chapter 2 provides an overview of the concept of RF-only logic circuits. The concept of
single-phase, dual-phase and quadrature-phase circuits is detailed and these circuits are
compared for power-consumption, propagation-delay and noise margin performance.

» Chapter 3 discusses the system implementation of a EPC UHF Gen-2 RFID using the
RF-only logic circuits. Two digitally intensive Gen2-RFID systems are implemented in
an automated standard cell design approach. In the rst approach, a single-phase RFID is
implemented with custom standard-cells and the measurement results are demonstrated.
In the second approach, a low-power and longer-range RFID is designed using dual-phase
RF-only logic circuits. In this second demonstration, the design consists primarily of
foundry standard cells, except for the power supply cells, a data retention ip- op, a
backscatter cell, a ring-oscillator and power level detector.

» Chapter 4 demonstrates how RF-only logic can be implemented using the charge-recycling
and adiabatic approach to achieve lower power consumption than standard digital logic.
This approach is standard cell design ow compatible and can achieve as much as 2X
improvement in energy ef ciency.

» Chapter 5 concludes the dissertation and discusses future work.
» Appendix-A presents the additional measurement results of the Gen2-RFID tag.
» Appendix-B presents the design and implementation a non-Gen2 RFID using RF-only

logic.

1.2.1 List of resulting publications

1.2.2 Accepted/Published

» K. Bhanushali, W.S.Pitts and P. D. Franzon,"Embedded Digital RFID for Chip Asset
Tracking" accepted to Govt. Microcircuit Applications Conf. Dig. Papers, Mar. 2020.

» K. Bhanushali, W. Zhao and P. D. Franzon, “Design of a Recti er-Free Near-Threshold
UHF Gen2 RFID Tag using Dual-Phase RF-only Logic," 2018 IEEE SOI-3D-Subthreshold
Microelectronics Technology Uni ed Conference (S3S), Burlingame, CA, USA, 2018,
pp. 1-3.
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* W. Zhao, P. GadforK. Bhanushaliand P. D. Franzon, “RF-Only Logic: an Area Ef cient
Logic Family for RF-Power Harvesting Applications," in IEEE Transactions on Circuits
and Systems |: Regular Papers, vol. 65, no. 1, pp. 406-418, Jan. 2018.

* W. Zhao,K. Bhanushali and P. Franzon, “Design of a recti er-free UHF Gen-2 com-
patible RFID Tag using RF-only logic,” 2016 IEEE International Conference on RFID
(RFID), Orlando, FL, 2016, pp. 1-6.

1.2.3 Submitted/In preparation

» K. Bhanushali, W. Zhao, W.S. Pitts and P. D. Franzon, “A 188 245mm Digital
UHF EPC Gen2 Compatible RFID tag with -2 dBm Sensitivity in a 55nm CMOS process”
in preparation for IEEE CICC.

» K. Bhanushali, W. Zhao, W.S. Pitts and P. D. Franzon, “A Digital Intensive UHF Gen-2
Compatible RFID Tag using Distributed Rectifying RF-only Logic" in preparation for
IEEE J. Solid-State Circuits.

» K. Bhanushali, W. Zhao, W.S. Pitts and P. D. Franzon, “A charge-recycling for low-power
energy harvesting applications" in preparation for IEEE TVLSI

11



CHAPTER

2

RF-ONLY LOGIC

In this chapter we discuss some of the common approaches for direct AC/RF powering of
digital logic circuit, as shown pictorially in Fig.2.1, and also perform an in-depth analysis of

the RF-only logic approach. A comparison of the single, dual and quad-phase RF-only logic
circuits is performed with respect to their power, propagation delay, and static noise margin for
a set of circuits. The chapter ends with a guidance of circuit avor to be selected for the design

based on system requirements.

Figure 2.1 Simplistic illustration of AC-powered logic
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2.1 AC-powered logic: Literature survey

Various approaches for powering the RFID directly with AC signals have been proposed
and demonstrated. Table 2.2 provides a summary comparison of the difference AC-powered
logic implementations. These prior works have all been targeted at either improving the RFID
sensitivity or reducing the RFID circuit area. Adiabatic logic was rst proposed to achieve
near-zero power dissipation, by ensuring that the potential across the switching devices was
kept close to zero. Therefore, almost no energy would be dissipated as heat on the switch while
energy stored on the capacitor could be recycled [DD95; Ath94]. This approach primarily trades
power consumption for circuit area.

Figure 2.2 Comparison of different AC-powered logic implementation

In prior work, He and Min [6] have implemented all the digital building blocks of a Low
Frequency (LF) RFID tag with adiabatic logic, while keeping a recti er-based DC power supply
for the remaining analog blocks. Mok and Chan [HMO7] have proposed a High Frequency (HF)
RFID tag fully implemented with adiabatic logic to reduce the chip area and power consumption
by directly powering the circuits with the RF carrier. The intrinsic area overhead of adiabatic
logic offsets the potential area saving obtained by eliminating the recti er in both of these
works. Wenck [Wen07] and Siebert [Sie05] proposed to power the conventional CMOS digital
circuits using the harvested AC signal, while its frequency had to be orders of magnitude
lower than the supported data rate. For each AC power supply cycle, the load circuit must be
powered on, perform computation, and turn off sequentially. In addition, dynamic memory cells
were implemented to preserve states between power supply cycles. Substantial chip area was
dedicated to power level detection and the data retention memory. Briole [Bri04] proposed
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and implemented a dual-phase AC-powered logic circuit, and the AC frequency was orders of
magnitude higher than the supported data rate. However, the doubling of transistor counts and
the overhead of transmission gates did not lead to area saving.

RF-only logic was rst proposed in [Gad13]. It permits digital operations to be performed
from an RF power supply. The characteristics of RF-only logic have been thoroughly analyzed
in [Zhal8b; Zhal7; Zhal6]. The propagation delay of RF-only logic is similar to classic CMOS
logic, whereas it consumes more static power particularly at high RF level due to the feeding
through of RF signal to the output nodes.

2.2 RF-only Logic: Dual and Quad Phase circuits

2.2.1 Background and Literature Survey

Figure 2.3 Single-phase RF-only inverter a. circuit schematic b. operation. [Zha18b]

RF-only logic was developed as an alternative to using RF-to-DC conversion circuits, and
digital logic gates designed using RF-only logic have been demonstrated [Zhal8b; Gad13]. This
approach can be explained using the speci c case of an inverter in Fig. 2.3(a). In brief, the
power supply transistor Nkp steers current through the logic circuit whensgV - Vig.) >
Vi, as shown in Fig. 2.3(b), wherer¥+, VRE- represent the differential outputs of the antenna
and V4 represents the threshold voltage. The input is evaluated during one half-cycle of the RF
signal. However, a single-phase RF-only logic design only operates during one half cycle of the
RF signal, thus limiting the power conversion ef ciency. It also suffers from excessive power
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consumption due to the static power consumed from the RF-feedthrough on the output node
[Zhal8b]. One possible approach to increasing the power conversion ef ciency is to use the
entire cycle of the RF-power supply, by performing dual-phase or quad-phase operation. One
way of implementing dual-phase circuits is by combining two single-phase circuits powered by
opposite phases with their outputs connected [Gad13]. However, this implementation results in
higher area, output capacitance and power consumption than single-phase circuits. The challenge
is to develop circuit techniques that can combat these problems while making multi-phase RF-
only logic designs viable for area-ef cient, cost-effective RF-powered radio applications.

2.2.2 Research Objective

The goal is to investigate and analyze the bene ts and limitations of dual-phase and quadrature-
phase RF-only logic circuits.

2.2.3 Scope of Contribution

The scope of contribution in this section lies in
1. Improving the power conversion ef ciency of RF-only logic implementations

2. Determining the limitations of these circuits due to phase and amplitude mismatch of the
RF signal.

2.2.4 Completed Work

2.2.4.1 Development, Analysis and Implementation of Dual-phase and Quad-phase RF-
only circuits

In this section, two new circuit implementations for multi-phase circuits are introduced. First, a
modi ed dual-phase logic is developed, which provides improved power-conversion ef ciency.
Second, the concept of quadrature-phase (quad-phase) circuits is also introduced, where a 90
phase-shift further extends the evaluation period, achieving a lower ripple and propagation delay.
The performance of these architectures is compared for propagation delay, power consumption,
and static noise margin. As a proof of concept of quad-phase RF-only logic, a 5-stage Ring
Oscillator designed in a 0.13n CMOS process is fabricated and measured, and it shows
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Figure 2.4 Implementation of a dual-phase RF-only inverter is shown using (a) the circuit schematic
and (b) signal waveforms to explain operation.

successful operation.

1. Operation: Modi ed Dual-Phase circuits

A speci ¢ implementation of a modi ed dual-phase architecture, an inverter, is shown in
Fig. 2.4(a). The circuit consists of two positive power supply transistoggpylz and two
negative power supply transistorsgiM1-2, €ach driven by ¥g+ and Vke.. The inverter

can be replaced by any other CMOS logic, and the storage capacitameprésents the
output node parasitic capacitance.

Mgrep1and Mgen1 are both on when (Wr+ - VRe.) > Vi, and Mgrep2and Mgrenz are both

on when (\&r- - Vrr+) > Vi, as illustrated in Fig. 2.4(b) using the left and right evaluation
phases respectively. During these phases, current is supplied to the CMOS logic circuit.
For the rest of the cycle, the circuit is in storage phase, retaining the voltage &y C
utilizing both the phases of the RF supply, the ratio of the on perieg (7o the RF

period (Trp) is doubled, thus enabling higher data rate. This also reduces charge injection
from Mgrp to M.

2. Operation: Quad-Phase circuits

Dual-phase circuits produce a delayed response to input transitions during the storage
phase. To eliminate this delay and maximize the evaluation period, a quad-phase RF-only
circuit scheme is developed. It is implemented by combining two dual-phase circuits, as
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Figure 2.5(a) Circuit schematic of quad-phase RF-only inverter (b) Differential supplgsaxid
Vrroa Showing the evaluation phases for quad-phase circuits.
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shown for a quad-phase inverter in Fig. 2.5(a) The phases of the RF signals powering the
left and right dual-phase circuits are offset®y . The evaluation periods for the left (in
red) and the right (in blue) dual-phase circuits are shown in Fig. 2.5(b).

Figure 2.6 First order approximation for RF-only circuits.

3. First-order approximation for analysis of multi-phase circuits The analysis of dual-
phase and quad-phase circuits follows a rst order approximation for single-phase circuits
operating in super threshold region, as shown in [Zha18b]. The circuit is approximated
as a rst-order RC circuit (Fig. 2.6), wheregRand Ry1 represent the resistances of
Mgrpand M; respectively. The time constant is giventy (Rr + Ry1) Cs. A 59-stage
ring-oscillator (RO) was designed in 01 CMOS process to analyze and compare the
propagation delay (@) and power consumption of all RF-only logic circuits topologies.

4. Propagation Delay Analysis

The propagation delay analysis is similar to the conventional CMOS analysis, except
for one main difference - the logic evaluation only occurs during the evaluation phase.
Consequently, the propagation delay is longer and its value is determined by the number
of storage phases. The conditiopFl<< t is analyzed as data rates for most RF-powered
applications are low. For this condition, multiple RF half-cycles are required for the logic
transition to occur. In case of dual-phase circuits the evaluation period is doubled without
any additional increase in the output capacitance, and thisalved when the devices

are operating in the superthreshold region. For the quad-phase circuits the evaluation
period is further increased, however, the output capacitance is also doubled, and as a result,
Tp is only halved. This is evident from the Fig. 2.7(a) which shows the comparison of
the oscillation frequency @sc) of 59-stage single, dual and quad-phase ring-oscillators
powered by a 900MHz RF-supply.

A discrepancy is seen from the expected doubling of frequency in the superthreshold
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Figure 2.7 (a). Power consumption and (b)eéc of a 59-stage RO designed using a dual- and quad-

phase circuits, normalized with respect to single-phase RO, is shown here as a function of RF-supply

amplitude.
(> 0.5V) and the subthreshol& 0.5V) regions. The output frequency is less than twice in
both regions for dual-phase circuits and is especially low in the subthreshold region. This
deviation is because the rst order approximation (Fig. 2.6) neglects the effects of the
parasitic capacitance at node P in Fig. 2.4. This capacitance for dual-phase circuits is twice
as that of single-phase circuits and dominates in the subthreshold region. Secondly, the
oscillation frequencies of dual and quad-phase circuits are not the same. This is because
the analysis in this work assumes that input transitions occur at the start of the evaluation
phase, but they could also occur during the storage phases in dual-phase circuits. The
guad-phase circuits have twice the evaluation period, and this allows the circuit to respond
to the input transition almost throughout the cycle (thus lowgr Thirdly, the Fogc for
dual-phase circuits varies cycle-to-cycle, in particular when it is closgH@8.fThis is
because the impact of storage phase is very high when the circuit operates at a higher
frequency. However, since the quad-phase circuits typically do not have a storage phase
they are best suited for high-frequency operation, particularly for oscillation frequencies
closer to Re/2. Moreover, the impact of RF-supply frequency gnfdr the RO powered
by an 800mV supply is plotted in Fig. 2.8 (a). The gate delay is insensitive to increase in
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RF-supply frequency for single, dual and quad-phase circuits.

Figure 2.8(a). Power consumption and (b)eéc of a 59-stage single, dual and quad-phase RO as a
function of RF-supply frequency.

5. Power Dissipation Analysis
Power dissipation in RF-only circuits can be divided into four categories:

(a) Dynamic power dissipation for charging the load capacitance: This is similar to
conventional CMOS.

Payn= Cs(2Von)*fs (2.1)
where \py is the high output level and fs the operating frequency.
(b) Power consumption from direct current paths

(c) Static power consumption due to track and hold effect in evaluation phasg.lP
This is speci ¢ to RF-only circuits, and is due to ripples on the output node even
when there are no logic transitions. It is proportional to the amplitude of the RF-
supply, evaluation angle and thus the RF-frequengy) ([Zhal8b]. Note that in the
sub-threshold region, the evaluation angle, and therefore @ Bontribution, is
limited.
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(d) Static power consumption due to capacitive coupling: This is due to the capacitive
coupling effect between the gate and the source gffMluring the storage phase.
However, its contribution to the overall power consumption is negligible.

A comparison of the power consumption a 59-stage RO designed using dual- and quad-
phase circuits is shown in Fig. 2.7(b). In the subthreshold region, dynamic power con-
sumption is projected to dominate. Since the dynamic power is proportional to operating
frequency, total power consumption of dual-phase circuits is less than twice that of
single-phase circuits. Also, power consumption in quad-phase circuits is twice that of the
dual-phase because; @ doubled. In Fig. 2.8(b), power consumption of the RO is plotted

as a function of RF-supply frequency. The linear increase in power consumption with
frequency is due to the linear increase gfd with frequency.

Based on this analysis, it can be inferred that dual-phase circuits are preferred for low
frequency applications owing to their lower power consumption. For high-frequency
operation, quad-phase circuits are best suited, despite higher power dissipation.

6. Power conversion ef ciency comparison

The single-phase circuits operate for a duration of less than half the RF-cycle, which
indicates that less than half the available power is utilized by the circuit. On the other hand,
dual-phase and quad-phase circuits utilize more RF input powegy t@&®vards circuit
operation. The PCE of dual and quad-phase circuits normalized to that of single-phase
circuits is shown in Fig. 2.9.a. Foi> -15 dBm, the PCE for both dual and quad-phase

is > 2X that of single-phase circuits. However, PCE decreases at lower input power levels
as leakage current starts to dominate.

The Fysc of each RO as a function of the\Pis simulated and is shown in Fig. 2.9.b. The
Foscof dual-phase circuits is greater than 1.5X thgEfor single-phase circuits for

> -15 dBm. This is attributed to the increase in PCE of dual-phase circuits. The quad-
phase circuits, on the other hand, do not show a signi cant improvement in oscillation
frequency despite a higher PCE. This is due to the increased output capacitance and thus
the power consumption of the circuit.

7. Static noise margin analysis

Static noise margin (SNM) is an essential criterion in the design of digital logic circuits. The
SNM of RF-only circuits is lower than that of conventional CMOS circuits due to the RF-ripple
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Figure 2.9(a) Comparison of PCE of 59-stage single, dual and quad-phase ROs as a functjgn of P
PCE normalized to that of single-phase circuits. (b) Comparison of oscillation frequencies of 59-stage
single, dual and quad-phase ROs as a functionyf P

at the output. The power supply transistors stacked on top of the digital gate create an additional
voltage drop, lowering the peak voltage levefyy and further contributing to the decrease in
SNM. SNM is simulated for inverters connected in the back-to-back con guration with a series
noise source, and uses the graphical technique of “mirror and maximum square"[See87]. For
the worst case SNM, NAND and NOR-based inverters were selected because of their inherently
skewed voltage transfer characteristics|[Kwo09]. At lower RF-supply voltages, the SNM of
single-phase circuits is marginally higher, as shown in Fig. 2.10, due to a higher peak voltage
level Vou. However, at higher RF-supply voltages, quad-phase circuits have a higher SNM.
This is because for high RF-supply, the SNM is de ned by the ripple voltage at the output node,
which assumes the smallest value in quad-phase circuit designs.
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Figure 2.10Static noise margin of RF-only circuits as a function of RF-supply voltage.
2.3 Discussion

The comparison of all the approaches is shown in in table below. It shows that Dual-phase
circuits are best suited for low-power applications due to their higher power conversion ef ciency.
The single-phase circuits work best when area is the most critical design goal and data-rates are
lower. Quad-phase circuits occupy a signi cant area - but can be used for circuits like on-chip
ring-oscillator due to higher stability and lower output ripple.

Figure 2.11Comparison of RF-only logic
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CHAPTER

3

TOWARDS DESIGN OF SCALED AND
LOW-POWER DIGITAL GEN2-RFID TAG

This chapter discusses the implementation of a Gen2-RFID tag using an RF-only logic approach.
Two demonstrations are shown in this chapter: a) A Superthreshold Gen2 EPC RFID tag with

custom standard cells, and b) A Near threshold RFID with most standard cells directly used

from the foundry standard cell library. The system level implementation details of these designs,

and their measurement results are presented.

3.1 RFID tag design: Background and Literature Survey

3.1.1 Background of the Gen-2 RFID standard

The EPC Class 1 UHF Generation 2 standard has enabled acceptance of Radio Frequency
Identi cation solutions in the elds of supply chain management, access control, and logistics
[Epcb]. The protocol de nes the physical interactions and logical operating commands for a
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Figure 3.1 PIE symbols [Epcc]

passive-backscatter tag based RFID system operating in the 860 MHz-960 MHz frequency range.
Through collision arbitration schemes, this protocol enables superior operation and performance
in multi-tag environments.

The system level implementation of a Gen-2 RFID system and the protocol are described in
EPC Gen-2 standard [Epcc]. This is a half-duplex system that consists of an Interrogator/RFID
reader, that transmits information/data to the RFID Tag by modulating an RF signal in the
UHF frequency band. The Tag receives both information/data and operating power from the RF
signal.

3.1.1.1 Interrogator to Tag transmisson

An Interrogator has the capability to communicate with one or more Tags by modulating an
RF carrier using one of the following modulations: DSB-ASK, SSB-ASK, or PR-ASK with
pulse-interval (PIE) encoding. PIE symbols are shown in Figure 3.1, where a Tari is the duration
of a data-0. The data rates de ned for the forward link are from 40kbps to 160kbps. These
data-rates are set by the Interrogator by means of a preamble signal at the start of each inventory
round.

3.1.1.2 Tag to Interrogator reverse link

The Tag responds to the Interrogator by backscattering i.e. by modulating the re ection co-
ef cient of its antenna. It uses ASK or PSK modulation, and the encoding format of the
backscattered data is either FMO baseband or Miller modulated subcarrier, as explained in
[Epcc]. The data-rate supported by the reverse link ranges from 40kbps to 640kbps.
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3.1.1.3 RF-envelope

Tags harvest energy from the modulated carrier signal. An RF-to-DC conversion circuit is used
to rectify the forward link RF-signal into a stable DC-power supply, that charges up a large
storage capacitor. During the attenuated periods of the ASK modulated carrier, the storage
capacitor operates as the power supply. Thus, the local circuitry is continuously operating with
a stable DC power supply.

3.1.2 Other published Gen-2 RFID tag implementations

Several passive RFID tags have been published [Yin10; YH14; Leel4a; Bar07] with various
sensitivities in the past, and all these examples use multistage recti ers to rectify the received
RF signal into a DC voltage. An on-chip capacitor stores the harvested energy and reduces
power level uctuations during circuit operations. This recti er-based powering solution takes
up considerable chip area. An inspection of RFID chip layouts indicates that these functions
consume 25% or more of the total chip area [Leel4a; YH14; Phal3]. Therefore, it would be
desirable to make the received RF signal useful without the need to perform an RF-to-DC power
conversion. If the RF-DC recti er and the storage capacitors can be eliminated while maintaining
robust operation, the design complexity and cost of passive RFID tags can be reduced. There
have been some other traditional RFID tag implementations that have signi cant chip area
dedicated for RF-to-DC conversion circuits [Leel1]. Temperature sensors and humidity sensors
have also been integrated as part of RFID chips. [Reill; Tanl13; Tsu05a]

3.1.3 AC-only approaches implementations - Non Gen-2

An AC-only approach based on adiabatic logic trades off power consumption for circuit area.
Previously, a Low-Frequency (LF) [HMO07] and High-Frequency (HF) RFID tag [MCO07] have
been fully implemented with adiabatic logic for low power consumption by directly powering
the circuits with an RF carrier. However, in both cases, implementing adiabatic logic consumes
more area than is saved by the removal of the recti er. Wenck [Wen07] and Siebert[Sie05]
has shown that conventional CMOS digital circuits can be powered using the harvested AC
signal when the frequency of the latter is much smaller than the data rate - the circuit turns on,
computes, and turns off all within the same AC power supply cycle. In order to retain the state as
the power supply changes, dynamic memory cells were used, and the power-level detection and
data retention memory circuits occupied a large percentage of the overall chip area. In another
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work, a dual-phase AC-powered logic circuit with frequency much higher than the data rate was
implemented, but no signi cant decrease in area was observed since the number of transistors
used doubled, and the overhead due to transmission gates was high [Bri04]. On the other hand,
RF-only logic eliminates RF-to-DC conversion circuits, without introduction of signi cant area
overheads, and thus lends itself to area-sensitive applications.

3.2 Research Objective

The goal of this work is to investigate and demonstrate system-level implementation of RFID
tags designed using RF-only logic approach, and explore the advantages they might have to
offer for these applications. As part of this goal, the following objectives are de ned:

» Design and demonstration of a Gen2-RFID using RF-only logic in the super-threshold
regime.

» Development of an approach to improve sensitivity of Gen2-RFID tag implemented using
RF-only logic.

* Implementation of a RFID tag that mostly uses foundry standard cells for embedded
RFID applications

3.3 Objective 1: A Superthreshold Gen2 Compliant RFID
tag using RF-only logic

A Gen2 compliant RFID tag using single-phase RF-only logic is designed to operate at 1Vpp
input RF-supply in 1230nm bulk CMOS technology, and is fabricated and measured. As shown
in the block diagram in Fig. 3.2, the design includes a simpli ed power and timing management
unit, an RF front-end, and the digital baseband. The simpli ed power management unit comprises
of an AC limiter and body bias generation circuits. The AC limiter clamps the voltage swing at
the chip input to 500mV under large RF power levels, which is used to power the rest of the
chip. The bias generation circuit is implemented with positive and negative peak detectors and
uses a simple voltage division technique to generate intermediate bias voltages. A complete
automated digital design ow for RF-only logic is implemented, with an additional step for
insertion of power-supply transistors. A custom single-phase standard cell library operating at
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Figure 3.2Block diagram of the Gen2 tag designed in this work by using RF-only circuits.

1Vpp RF supply is developed, consisting of three logic gates (INV, NOR2, NAND2), one PST
cell, two data-retention ip- ops, buffers, and ller cells [Zhal8b].

Figure 3.3 A graphical representation of the envelope of ASK modulated RF carrier for Gen-2 forward
link with the powering scheme annotated [Zhal7].

In order to further improve the area ef ciency, a PST sharing algorithm is developed by
exploiting the mutual-exclusiveness of gates [Zhal8b]. The interrogator/RFID reader uses an
ASK modulation scheme to send data to the tag. The RF-only logic requires the amplitude of
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the RF power supply to remain high, since the performance of RF-only logic varies with RF
amplitude, and since RF-only logic doesn't have a storage mechanism. This challenge is tackled
in two ways - rstly, by using an AC limiter at the front end of the tag to clamp the RF amplitude

in ASK high periods to the pre-de ned level. Secondly, a powering scheme is implemented
where the circuit operation is paused during the low-RF periods as shown in Fig.3.3. During
the ASK low periods, the logic circuit ceases operation while the state information is preserved
in the ip- ops. These ip- ops are custom-designed data-retention ip- ops that can hold
their state for at least 1208 without power, which is the maximum length of ASK low period

de ned in Gen-2 protocol.

3.3.1 Place and route ow

The fully automated digital design ow for RFID logic is shown in Fig.3.4. The implementation
incorporates PST insertion into the digital design ow. The digital design ow focuses on
PST sharing, and digital baseband implementation. To reduce the area overhead introduced
by PST cells, a group of core logic gates can share one PST cell - similar to a coarse-grained
power gating technique. A group of logic gates can share the same PST cells without worsening
their performance as long as no two gates are allowed to charge or discharge simultaneously.
Such gates are called mutually exclusive gates [Kao98; Tsu05b]. The PST sharing algorithm is
implemented in python, and PST cells are inserted after the generation of the gate-level netlist.

3.3.1.1 Standard cell implementation

In this implementation the layouts of all standard cells are custom-designed. There are four
global nets delivering RF power on Metal-2 and body biasing on Metal-1. as shown in in
Fig. 3.5. These are connected by abutting the cells. The virtual/intermediate power supply
nets are indicated asp\and Wy. These are implemented as signal nets and routed by the tool
automatically. The layout is designed to include dedicated routing channels for routing the
intermediate power supply nets.

3.3.2 Peripheral circuits implementation

The peripheral circuits in the proposed RFID design consist of a power management unit, a
timing management unit, and a backscatter block that modulates the antenna impedance. The
power management unit includes the AC limiter and body bias generation circuits. The AC
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Figure 3.4 Complete automated digital design ow for Gen-2 RFID using RF-only logic cir-
cuits[Zhal6].

limiter stabilizes the differential RF power supply, and clamps the voltage swing at the chip input
to 500mV under large RF power levels, which is used to power the rest of the chip. The bias
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Figure 3.5Layout showing the intermediate power connection of CMOS logic to PST cells through
dedicated routing channels.

Figure 3.6 Schematic of the AC limiter. [Zha16]
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generation circuit is implemented with positive and negative peak detectors that generate proper
bias voltages for transistor body terminals, and uses a simple voltage division technique to
generate intermediate bias voltages. The power level detector, a ring oscillator, and a controller
are part of the timing management unit. This unit generates the clock, data, and reset signals.
The digital baseband output feeds the binary data to the the backscatter circuit, which in turn
controls the antenna impedance. Since the RF-only logic does not have a xed current or voltage
bias/reference, it is dif cult to implement analog blocks, and therefore, all the circuits are
implemented in a digital fashion.

3.3.3 AC Limiter

An AC voltage limiter was designed to clamp the received RF signal at a certain amplitude - for
robust circuit operations. It prevents the circuit from possible damage due to increase available
RF-voltage whenever the reader and tag are in close vicinity. It also sets the minimum RF power
level that the RFID tag can operate at. The AC limiter schematic is shown in Fig. 3.6. The
diode connected MOSFETsMind M, de ne the threshold voltage value. As the input voltage
exceeds the turn-on voltage of the MOSFET, the circuit limits the voltage. Also the additional
current is conducted from the other two legs to maintain a constant output voltage.

Figure 3.7 Schematic of the Peak detector.[Zhal6]

3.3.4 Peak Detector

A peak detector generates the biasing voltages for MOSFET body terminals in the rest of the
chip, as shown in Fig. 3.7. The cross-coupled inverters generate opposite logic levels in the
power-up phase. This causes of the output of XOR gate go to logic high. The large capacitive
loading of the peak detector helps to reduce the voltage ripples and maintain a stable DC voltage.
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Also it must be noted that the absolute value of the DC biasing voltage is lower than the RF
amplitude Axr.

Figure 3.8 Schematic of the power level detector that generates data level and power-on-reset signal.

3.3.5 Power Level Detector

The power-level detector, as shown in Fig. 3.8, tracks the input RF envelope to generate the
data-level and power-on-reset (POR) signal. Voltagaes &d Vet track the RF envelope and

the scaled-down average of the envelope respectively. These voltages are compared and the
difference voltage resolved to logic levels using a latch. Diode-connected devjcesridure

that Veny and Vier do not exceed the input range of the comparator. An active-low POR signal

is generated to reset all the ip- ops when the RFID initially powers on. The controller block
interfaces with the demodulator and the digital-baseband. This block controls the reset, global
clock and power-up/data-high signal. The power-up/data-high signal shows the start of each
new data bit to the digital baseband.

3.3.6 Ring Oscillator

A ring oscillator was generates the global clock that synchronizes all the digital baseband logic
circuits. It operates at a frequency of 4MHz under the nominal 0.5V amplitude RF-power supply.
The oscillator consists of 31 stages of dual-phase RF-only inverters as presented in Fig. 3.9. Fig.
3.10 shows a screenshot of the measured output of the ring oscillator, demonstrated succesful

33



Figure 3.9 Schematic of the Ring Oscillator.[Zhal6]

operation of the internal clock. Dual-phase is chosed for lower-output ripple and a stable clock
outut. In order to start up the oscillation at power up, switching thresholds of consecutive
inverters were adjusted to opposite directions. Thus, he duty cycle of the clock signal is not
exactly 50%.

3.3.7 Controller

The controller is an interface block and takes output signals from power level detector and
ring oscillator, and generates the three signals that directly drive the demodulator and digital
baseband. As shown in Fig. 3.11, the simpli ed diagram of the controller. The global “Clock" is
set to high during power-level transition periods, while the global “Reset" signal is synchronized
to the global clock signal. The “PowerUp"/data-high signal indicates starting of a new data bit
and is also synchronized to the global clock signal. It is set to high for one clock cycle at the
beginning of each ASK high period.
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