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Abstract: Recently, double-gate MOSFETs (DGMOSFETSs) have been shown to be more
optimal for ultra-low power circuit design due to the improved subthreshold slope and the
reduced leakage current compared to bulk CMOS. However, DGMOSFETs for
subthreshold circuit design have not been much explored in comparison to those for strong
inversion-based design. In this paper, various configurations of DGMOSFETs, such as
tied/independent gates and symmetric/asymmetric gate oxide thickness are explored for
ultra-low power and high efficient radio frequency identification (RFID) design.
Comparison of bulk CMOS with DGMOSFETSs has been conducted in ultra-low power
subthreshold digital logic design and rectifier design, emphasizing the scope of
the nano-scale DGMOSFET technology for future ultra-low power systems. The
DGMOSFET-based subthreshold logic improves energy efficiency by more than 40%
compared to the bulk CMOS-based logic at 32 nm. Among the various DGMOSFET
configurations for RFID rectifiers, symmetric tied-gate DGMOSFET has the best power
conversion efficiency and the lowest power consumption.
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1. Introduction

One of the primary motivations behind switching technology from bipolar transistors to MOSFETs
is that the low power consumption of CMOS circuits along with small size makes integration possible.
MOSFETs combined with technology scaling made the IC industry successful because of the reduced
power, reduced area, increased speed, and low cost per chip. As the number of transistors that are
integrated per chip increases, problems like leakage current, power dissipation, heat removal,
cooling techniques, and reliability have been raised. These have increased the demand for
power-constrained or energy-constrained design for modern VLSI systems in contrast to previous
clock speed driven systems. In addition, there is an increasing class of applications like portable
electronics, micro sensors, radio frequency identification (RFID), and implantable biomedical devices,
which demand ultra-low power consumption and prolonged battery lifetime. All of these concerns on
power reduction motivated the designers to come up with power reduction methods such as supply
voltage scaling [1,2], switching activity reduction [3,4], architectural techniques of pipelining and
parallelism, computer aided design (CAD) techniques for device sizing and interconnect [5,6], logic
optimization [7,8], etc. Among these techniques, the most successfully proven method is the supply
voltage scaling, which significantly reduces both active and static components of power. An extreme
case in supply voltage scaling is the subthreshold operation where the supply voltage is less than the
threshold voltage of devices. It has been proved that minimum energy per operation is achieved by
operating circuits in the subthreshold region [9-18]. Sub-threshold circuits operate with a supply
voltage that is less than the threshold of the transistors—far below traditional levels and consequently
the transistors operate essentially on subthreshold current. While traditional digital logic has relied on
running transistors either in the ON state (strong-inversion) or OFF state (subthreshold), sub-threshold
circuits are either in an OFF state or a weak-OFF state (still in sub-threshold regime but with weak
inversion). Even though subthreshold operation is limited in performance, it remains acceptable for
low to medium performance and energy efficient constrained applications such as RFID, wireless
micro sensors, biomedical implants, efc.

RFID tags operate in several bands—high-frequency (HF), ultra-high-frequency (UHF) and
microwave bands. Transponders that operate at 125 kHz [19] and 13.56 MHz [20] have been deployed
for a number of years. Their disadvantage is limited range. Passive transponders that operate in the
UHF band have ranges of 7.5-9 m [21,22], and transponders that operate in the microwave band have
ranges under 2 m. Karthaus et al. reported a low power RFID chip for UHF with low power
consumption. This is achieved by the combination of pulse width modulation on the forward link
(base-station to tag) with low RF-off times (no excess voltage droop on the on-chip power capacitor)
and phase-shift keying (PSK) on the return link (tag to base-station) [22]. A high level description of a
passive RFID chip that implements the EPC Class 0 protocol is provided in Glidden et al. [23].
De Vita et al. provide design criteria for the front-end of passive RFID tags [24]. While the range for
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passive RFID tags at UHF and microwave is adequate for some applications, greater range is strongly
required. Active transponders provide greater range, but they require a battery and accordingly have a
limited lifetime. Furthermore the battery should have a small form factor so that it can be seamlessly
used in the assembly process for large volume production. The long lifetime (usually in excess of
10 years) and the small battery capacity require ultra-low power consumption on the active
transponder to work throughout the full life of the tag.

Various research about CMOS front-ends and CMOS technology for RFID has been
published [25-29]. However, very few have considered double-gate MOSFETs (DGMOSFETs) for the
ultra low power RFID tag design. While digital system design has continually pushed for the increased
speed of minimum size devices, analog designers have often employed longer channels to avoid short
channel effects (SCEs) and achieve higher voltage gain. As analog devices are scaled into the
nanometer regime, CMOS technologies will require innovative device architectures and design
techniques to achieve excellent analog metrics. The usefulness of nonclassical underlap channel
architecture to enhance both gain and bandwidth of an OTA, alleviating gain-bandwidth trade-off
associated with analog design, has been demonstrated in [30]. Kumar et al. [31] explore applications of
independently driven DGMOSFETs (IDGMOSFETs) for low-power and low-voltage analog
integrated circuit design. In back-gate configuration, the second gate of DGMOSFET can be used to
tune the threshold voltage of the device. A simple and cascode current mirror based on bulk-driven
transistor is redesigned with DGMOSFETs and shown to have smaller input voltage drop and lower
power consumption. Capability of dynamic threshold tuning is exploited to design an adaptive
two-stage operational amplifier (op amp) which can operate at voltages as low as 0.5 V without
sacrificing performance parameters.

Freitas et al. [32] explored new capabilities brought on by IDGMOSFETs for analog baseband
design. Since the two gates are disconnected, the corresponding channels are coupled resulting in a
dynamic threshold voltage tuning. This operation mode is exploited to create new analog functions and
low-voltage circuits. A current mirror is redesigned using IDGMOSFETs and it is shown that this
structure performs an efficient differential function relating to the potentials applied to the back gates.
Being adapted to low-voltage operation and self compensated from input common-mode variations,
the differential current mirror is employed for the active loading of a low-voltage fully balanced OTA.
Mohankumar et al. investigate the influence of both channel and gate engineering on the analog and
RF performances of DGMOSFETs for system-on-chip applications [33]. The gate engineering
technique used here is the dual metal gate technology, and the channel engineering technique is the
conventional halo doping process.

Much work has also been done to investigate the scope of various multi-gate MOSFET structures.
Several implementations of multi-gate structures include Depleted Lean-channel TrAnsistor
(DELTA) [34,35], Gate-All Around device (GAA) [36], Silicon-On-Nothing (SON) MOSFET [37-39],
Multi-Fin XMOS (MFXMOS) [40], triangular-wire SOI MOSFET [41], n-channel SOI MOSFET [42],
quadruple-gate or surrounding-gate devices having a width-to-height ratio much closer to unity [43—46],
quantum-wire SOI MOSFET [47,48] trigate MOSFET [49,50], CYNTHIA device (circular-section
device) [51,52], pillar surrounding-gate MOSFET (square-section device) [53], planar surrounding-gate
devices with square or circular cross sections [54-58]. Although, theoretically surrounding gate
MOSFETs might be better suited for subthreshold logic, but at the present stage of research, as per
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ITRS long term goals, DGMOSFETs probably will replace the existing bulk CMOS in the near future
and bulk CMOS scaling trends are not even further included in the ITRS long term goals. With this
view, this work focuses on DGMOSFETs for optimal ultra-low power subthreshold circuit design.

In this paper, we will explore the scope of tied/independent gates and symmetric/asymmetric gates
of DGMOSFETs with circuit co-design for robust ultra-low power RFIDs. The remainder of this paper
is organized as follows. Section 2 presents the background of ultra-low power RFIDs. DGMOSFETs
for robust and ultra-low power subthreshold circuit design and comparison with nano-scale bulk
CMOS are described in Section 3. Various DGMOSFET configurations with circuit co-design for
ultra-low power subthreshold logic design are presented in Section 4. Section 5 describes the
implementation of energy-efficient ultra-low power RFID rectifier circuits with various DGMOSFET
configurations. Finally, conclusions are offered in Section 6.

2. Background of Ultra-Low Power RFID Design
2.1. General Architecture of RFID Tag

A RFID tag is simply a transceiver (transmitter + receiver). The main difference between the RFID
tag and the traditional transceivers is the passive operation, i.e., there is no battery to supply DC
voltage to the chip. For this reason, a rectifier for supplying DC voltage is required. A block diagram
of a RFID tag is shown in Figure 1. The rectifier block rectifies the input RF signal and generates the
needed DC voltage to power the other blocks of the system. The demodulator block acts as a receiver
that detects commands sent by a RFID reader. It also extracts the clock from the received RF signal,
which is needed to synchronize the RFID with the RFID reader. The control logic block is the digital
part of the system which controls all other blocks of the system. It determines when to receive, when to
transmit and when to remain idle. It also stores the ID of the tag which is sent to the RFID reader by
the modulator. The Internal clock block supplies an internally generated clock to the digital part. The
modulator block acts as the transmitter of the system which sends the tag ID to the RFID reader.
Decreasing the power consumption of the RFID tag is achieved generally through three ways:
(a) Increasing the conversion efficiency of the rectifier, (b) Reducing the power consumption of the
RFID tag blocks, and (c) Choosing a suitable communication scheme between the RFID reader and the
RFID tag.

Figure 1. General architecture of a passive radio frequency identification (RFID) tag.
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2.2. Scope of Weak or Moderate Inversion for RFID Design

The key metrics for RFID design include the transit frequency, the maximum frequency of
oscillation, and the minimum noise figure. Moderate inversion or weak inversion operation offers a
good trade-off between power consumption, low-voltage operation, noise, and linearity, all being of
major importance for designing RFIDs. Several advantages to bias the transistor in moderate or weak
inversion [ 18] for RFIC design are as follows.

e Increase of the current efficiency (measured by the G, /Ip ratio) which results in a further
reduction of the power consumption.

e Decrease of the bias voltages results in lower electrical fields within the device. This avoids
velocity saturation and hot electron effects. Having no velocity saturation results in transit
frequency scaling as 1/L* compared to only 1/L when velocity saturation is present. This means
that scaling is more effective for devices biased in the weak and moderate inversion region than
in strong inversion.

e Having no hot electron effects avoids the increase of the noise excess factor.

e The reduction of the bias voltages better accommodates the use of low supply voltages that are
imposed by the scaling of UDSM technologies.

3. Double-Gate MOSFETs (DGMOSFETs) for Ultra-Low Power Subthreshold Circuit Design
3.1. Introduction of Double-Gate MOSFETs (DGMOSFETs)

Better scalability can be achieved by introduction of a second gate at the other side of the body of
each transistor resulting in a double-gate SOI structure (Figure 2a). Due to the excellent control of the
short channel effects, double-gate SOI devices have emerged as the device of choice for circuit design
in sub-50 nm regime [59]. Low subthreshold leakage and higher ON-current in the double-gate devices
make them suitable for circuit design in sub-50 nm regime [60,61]. One of the promising structures in
the double-gate technology is FinFET [62] due to the simple fabrication process (Figure 2b).
Double-gate devices with isolated gates (independent gates) are being developed [63,64]. The
independent gate option can be useful for low power and mixed signal applications [64—69]. Such
developments at the device level provide opportunities for new ways of circuit design for low power
and high performance. ITRS reports also show the inevitable inclusion of DGMOSFETSs in upcoming
VLSI applications [69].

DGMOSFETs for optimal subthreshold operations have also been considered recently [70-76].
DGMOSFETs are suitable for the sub-threshold operation due to their near ideal subthreshold slope
and negligible junction capacitance. Due to the thin, fully depleted silicon body sandwiched between
two gates, these devices have an excellent gate control over the channel. Furthermore, the undoped
thin silicon body provides negligible source/drain p-n junction capacitance, which largely enhances
the circuit performance. In general, DGMOSFETs have the following advantages over bulk
CMOS technology:

® Nearly ideal subthreshold slope.
¢ Small intrinsic gate capacitance.
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® Smaller junction capacitances.

e Better immunity to SCEs, although negligible for subthreshold operation.

e Reduced Random dopant fluctuations (RDF) due to undoped or lightly doped body and reduced
carrier mobility degradation.

e Higher Ion/Iogr ratio.

® Design flexibility at circuit level by symmetric/asymmetric with tied and independent
gate options.

Figure 2. (a) Planar Double Gate MOSFET [76]; (b) FinFET Structure [74].
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3.2. Comparison of Bulk CMOS and DGMOSFETs for Ultra-Low Power Subthreshold Circuit Design
3.2.1. Bulk CMOS and DGMOSFET Device Model Parameters

The international technology roadmap for semiconductors (ITRS), which maps out near- and
long-term goals for the semiconductor industry, describes three different devices with different power
delay tradeoffs: high performance, low operating power (LOP), and low standby power (LSTP). The
LOP and LSTP devices are optimized in a similar manner, although the LSTP device has more
stringent leakage constraints. We take bulk CMOS device parameters following [77], in which the
authors follow the scaling strategy similar to that of the LSTP device. The scaling strategy is briefly
described as follows: The device model has four key scaling parameters: physical gate length (Lyory),
gate-oxide thickness (7ox), substrate doping (Nsuwp), and peak halo doping (N, haio). These parameters are
most important when determining key device characteristics like Vi, on- current, off- current, and gate
capacitance. In addition to these four parameters, Vyq is also used as an additional knob for adjusting
performance. All physical dimensions other than 7o (source/drain junction depth, lateral source/drain
diffusion, halo dimensions, etc.) scale in proportion to Lpoly. Lpoly 1S reduced by 30% per generation,
which agrees well with recent L1y scaling trends. A survey of recent industrial publications shows that
T« has been reduced by ~10% per generation below the 130 nm technology node [77]. In this strategy,
simple assumption that 7o« reduces by 10% per generation has been made. With L,y and 7o fixed for
each generation, the remaining three parameters (N, Nphalo» Vdaa) may be tuned to match delay and
leakage requirements. The optimization procedure uses delay (z) as an objective and leakage (/icak.max)
as a constraint (it allows leakage to grow by 25% each generation, reduces Vg4 regularly at each
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generation to control dynamic energy, and optimizes the device for minimum delay under the
leakage constraint).

The parameter values for the NFET model at 32-nm node obtained are shown in Table 1. We have
considered these device values for our simulations as they are more suitable for low power
applications. As for subthreshold operation, since high performance is of secondary importance and
low power is of primary concern, we considered the above-mentioned device values given in [77] at
32 nm and generated different SPICE model files for parameter variations from a specific tool called
“Nano CMOS” [78] for carrying out simulations. HSPICE simulations have been carried out by setting
the above device parameters for 32 nm technology in the Berkeley Predictive technology model [78] by
varying different parameters and generating different SPICE model files for each set of parameters.

Table 1. Bulk CMOS and double-gate MOSFET (DGMOSFET) Device default parameter
values used for simulations.

Parameter 32 nm Bulk CMOS 32 nm DGNMOSFET 32 nm DGPMOSFET
Leg(nm) 22 22 22

T, (nm) 1.53 1.4 1.4

Nen(cm ™) 33x10"% 2% 10" 2x 10"
Vin(V) 0.46 0.29 -0.25

Vaa(V) 0.2 0.2 -0.2

Hpp(nm) NA 13 13

Tin(nm) NA 8.6 8.6

A compact model for DGMOSFET, akin to the BSIM model for a bulk CMOS and BSIM SOI for a
SOI transistor, is not available for the purpose of circuit simulation and technology prediction.
Currently, early designs with DGMOSFETs have to resort to the TCAD simulators (MEDICI,
Sentaurus, ATLAS, etc.), which are computationally expensive and limit design flexibility. To
overcome these barriers, an equivalent subcircuit model for a DGMOSFET device has been proposed
in [79]. This circuit model consists of two fully depleted SOI devices for the front and back transistors,
respectively. BSIM SOI is used as the model for each device such that this subcircuit is compatible
with standard circuit simulators (e.g., SPICE). Two single-gate transistors are used to capture the
current conduction controlled by the front and back gate in a DGMOSFET transistor. Each
subtransistor has its own definitions of gate voltage (V), Vi, and Tox. Their sources and drains are
electrically connected to form a four-node circuit. Thus, the drain voltage (Vp) and the source voltage
(Vs) are shared. Both subtransistors have the same gate length and width. Since the bottom of a
DGMOSFET structure sits on top of a layer of SiO,, the DGMOSFET is inherently an SOI transistor.
Furthermore, in the typical process range of a DGMOSFET, T; is so thin that the silicon body is fully
depleted. Therefore, the fully depleted SOI model of BSIM (BSIM FD SOI) is used as the model basis
for each subtransistor. More information about the DGFinFET device model can be found in [79].

To verify the accuracy and flexibility of predictive technology model (PTM), more than thirty sets
of IV data at room temperature are collected from publications in [79]. Using the published values for
technology specifications (i.e., Letr, Tox, Vin, Rasw, and Vag), process and physical parameters are
calculated to generate corresponding PTM model files. Predicted I-V characteristics are compared to
published data for verification. Even though the DGMOSFET technology is still at an early stage of
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technology development and thus, shows large divergence in the technology definitions, PTM is
flexible enough to capture these process uncertainties. The excellent predictions prove the physicality
and scalability of new PTM. HSPICE simulations have been carried out for DGSOI circuits
constructed with these devices and compared with bulk CMOS circuits for subthreshold logic.

3.2.2. Comparison of Bulk CMOS and DGMOSFETs

Table 2 summarizes the performance comparisons of DGMOSFET and bulk CMOS circuits for
subthreshold logic [14]. We observe that the DGMOSFET inverter power-delay-product (PDP) is
approximately 70% lower than the bulk CMOS inverter and 65% lower than the pseudo NMOS inverter.
Other logic gates based upon DGMOSFETs have 30-40% better energy efficiency (lower PDP)
than equivalent bulk CMOS logic gates in the subthreshold operation, due to the advantages of
DGMOSFETs summarized in Section 3.1. Figure 3 compares the variation in the PDP of the
DGMOSFET and bulk CMOS circuits with regard to temperature, where better performance and
robustness of DGMOSFET subthreshold circuits can be seen. The variation in the PDP of the
DGMOSFET and bulk CMOS circuits with respect to supply voltage within the subthreshold region is
illustrated in Figure 4 [14]. We also observed that a bulk MOS inverter has relatively poorer robustness
in terms of noise margins and functionality compared to the equivalent DGMOSFET inverter as supply
voltage scales down. It can be inferred that the suitability of DGMOSFETs for subthreshold logic
compared to the bulk CMOS technology shows the possibility of scaling down of supply voltages
within subthreshold region without threatening the functionality of circuits for supply voltage as low as
75-100 mV. Figure 5 summarizes the device and circuit level implications of the threshold voltage
fluctuations on the bulk CMOS and DGMOSFET technologies. It can be seen that DGMOSFET is the
better option for most performance metrics (almost 50% better robustness).

Table 2. Comparison of 32 nm Bulk CMOS and DGMOSFET subthreshold logic circuits.

Bulk CMOS DGMOSFET
Vpp =0.2V Px10" Dx10° PDPx10* Px10° Dx10"? PDPx10%
W) (s) (€)) W) (s) )
CMOS Inv 2.6 1.9 5.1 1.4 10.5 1.5
Pseudo NMOS Inv 46 0.7 79 28 1.0 27.3
2 I/p NAND 8.3 7.5 62.2 1.2 3.7 43.7
2 1/p NOR 8.9 8.5 75.3 2.0 23 45
2 1/p AND 17.3 47.6 823.5 1.9 9.7 181.3
21/p OR 19.7 52.2 1029.3 2.7 43 117
2 1/p XOR 28.4 122.6 3481.8 2.6 7.2 187.2

2 I/p XNOR 32.8 216 7095.6 3.3 11.9 395.4
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Figure 3. Comparison of PDP variation with respect to Temperature for 32 nm Bulk
CMOS and DGMOSFET Inverters for subthreshold operation (V44 =200 mV).
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4. Comparison of Various DGMOSFET Configurations for Ultra-Low Power Subthreshold
Circuit Design

4.1. Introduction of Various DGMOSFET Configurations

DGMOSFETs can either have a three-terminal (3T) configuration, where both the gates are shorted,
or a four-terminal (4T) configuration, where the back-gate bias is fixed and the front gate acts as a
control electrode. If the two gates in the DGMOSFETs are tied (3T), an identical voltage can be
applied to both gates. Conversely, when the two gates are independent (4T), different voltages can be
applied. The asymmetry in the double gate MOSFET can be brought about by a number of ways. It can
be done by applying different gate voltages to front and back gates, by assigning variation in oxide
thickness to front and back gates. It can also be brought by varying gate material work functions.
Independent gate technology offers an extra terminal in DGMOSFET devices at the cost of extra
fabrication steps or masks. The extra feature of biasing back and front gates separately offers more
flexibility and freedom to circuit designers using DGMOSFET technology. The 4T DGMOSFETs
show reduced on-current along with reduced gate capacitance compared to the 3T counterparts.
Moreover, 4T DGMOSFETs allow independent biasing of the two gates and offer dynamic
threshold-voltage control (DTC) in circuits. Consequently, independent gate technology can be employed
to help tradeoff between switching capacitance and leakage with circuit delay. Independent-gate
operation benefits in circuits such as schmitt triggers, dynamic logic circuits, and sense amplifiers, and
static random-access memory (SRAM) bit-cells as demonstrated recently [69—72].

In this work, we will investigate four types of DGMOSFETs: tied-gate symmetric DGMOSFETs
(3TSDQG), tied-gate asymmetric DGMOSFETs (3TADG), independent-gate symmetric DGMOSFETs
(4TSDG) and independent-gate asymmetric DGMOSFETs (4TADG) as shown in Figure 6.

Figure 6. Schematic of various configurations of DGMOSFETs.
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4.2. Comparison of Various DGMOSFET Configurations

HSPICE simulations have been carried out using Berkeley Predictive Technology Model (BPTM)
for 32 nm DGMOSFET to study the symmetric DGMOSFETs (SDG) and asymmetric DGMOSFETs
(ADG) devices and circuit performance with tied- and independent-gate options for subthreshold
operation. In the following studies, we have primarily considered 4 cases: 3TSDG device
(Vfg = ng = Vdd & Tfox = Tbox =14 nrn), 3TADG device (Vfg = ng = Vdd & Tfox ;ﬁ Tbox), 4TSDG device
(Vie = Vad> Vog = 0 & Trox = Toox = 1.4 nm), and 4TADG device (Vg = Vad, Vog = 0 & Trox # Toox). The
asymmetric nature of the device is being brought by taking the variation in oxide thickness for front
and back gates. 3T implies that a front gate (fg) and a back gate (bg) are tied together to give the same
potential while 4T implies front and back gates are applied different potentials. Device parameters
extracted from the simulations are summarized in Table 3 [71]. 3TDG have better energy-delay
product (EDP) performance metrics than 4TDG feature, due to the larger Ion/lorr ratio values.
Asymmetric feature further enhances performance in the 3T option than in the 4T option.

Table 3. Performance metric comparisons of n-DGMOSFET device with symmetric
DGMOSFETs (SDG), asymmetric DGMOSFETs (ADG) and the three-terminal (3T) and
four-terminal (4T) options under subthreshold operation.

3TSDG 3TADG 4TSDG 4TADG
Parameter (Vfg = th = Vaas (Vfg = ng = Vaa (Vfg = Vaas ng =0, (Vfg = Vaa ng =0,
Tiox = Thox = 1.4 nm) T, = 1.4 nm, Tiox = Thox = 1.4 nm) Ty, = 1.4 nm,
Thox = 2.8 nm) Thox = 2.8 nm)

Ion (LA/pum) 62.5 63.9 11.95 11.95
Iopr (NA/pum) 41.98 36.2 41.98 36.2
Ton/lorr 1495 1763 286 329.74
Em (LS/pm) 1289 1322 308.6 308.6
C, (af/um) 769.5 779.7 683 683
Power (uW/um) 12.9 13 2.69 2.69
Delay factor (ps) 2.53 2.51 11.8 11.8
PDP factor(aJ/um) 32.64 32.63 31.7 31.7
EDP factor (aJ.ps/um) 82.6 81.9 374 374

Table 4 shows the comparison of 3TSDG and 3TADG performance for all basic gates and some
simple combinational circuits [73]. We observe from the table that 3TADG circuits have
approximately 13—14% better power consumption than 3TSDG, 4-5% better speed and 16-18.3%
better PDP than 3TSDG based circuits. Table 5 shows the comparison of 4TSDG and 4TADG
performance for all basic gates and some simple combinational circuits [73]. We observe from the
table that 4TADG circuits only have approximately 0-0.5% better power consumption than 4TSDG,
0—-1% better speed and 0.5—1% better PDP than 4TSDG based circuits. Comparison of Table 2 and 3
shows very poor power, delay and PDP performance of 4T option than 3T option for subthreshold
logic, particularly as complexity of circuit increases.
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Table 4. Performance comparison of tied-gate symmetric DGMOSFETs (3TSDG) and
(tied-gate asymmetric DGMOSFETs) 3TADG subthreshold logic circuits.

3TSDG 3TADG
P D PDP P D PDP
107 (w) 1072 (s) 102 () 107 (w) 107'%(s) 102 )

CMOS Inv 0.72 1.637 1.178 0.621 1.55 0.962
2 I/p NAND 1.18 3.7 4.366 1.02 3.26 3.325
2 1/p AND 1.86 9.75 18.135 1.6 9 14.4
21/p NOR 1.97 228 45 1.7 22 3.74
21/p OR 2.72 43 11.7 2.35 4.15 9.75
2 1/p XOR 2.6 72 18.72 2.24 6.85 15.34
2 1/p XNOR 3.32 11.91 39.54 2.9 11.37 32.97
Half adder 6.5 9.1 59.2 5.64 8.7 49.1
Full adder 312 70 21840 312 69.6 21715
2 x 1 Mux 0.88 2.8 2.5 0.76 2.6 2.0
4 x 1 Mux 2 16.8 33.6 1.74 15.9 27.7

Table 5. Performance comparison of independent-gate symmetric DGMOSFETs (4TSDG)
and independent-gate asymmetric DGMOSFETs (4TADG) subthreshold logic circuits.

4TSDG 4TADG
P D P DP P D P DP
107 (w) 107° (s) 10°% ) 107 (w) 107 (s) 107% )
CMOS Inv 68.23 22 150.1 67.9 22 149.38
2 I/p NAND 136 23 312.8 1353 23 311.2
2 1/p AND 206 8.3 1709.8 205.8 8.27 1702
2 1/p NOR 69 222 153.2 68.5 22 150.7
21/p OR 139 4.2 584 138 42 579.6
2 1/p XOR 185 4.8 888 185 4.72 873.2
2 1/p XNOR 275 9.5 2612.5 275 9.4 2585
Half adder 341 108.3 36930 341 108.2 36896
Full adder 1017 660 671220 1017 655 666135
2 x 1 Mux 68.7 39.1 2686 68.8 39 2683
4 x 1 Mux 140 155 21700 140 152 21280

Figure 7 shows the variation of Ion/Iopr With body thickness for n- DG-MOSFET with different

configurations in the subthreshold region of operation. From the figure it can be clearly observed that,
in terms of having the highest driving capability, 3TADG is the best and 4TSDG is the worst. It is
further observed that 4TSDG and 4TADG have similar pattern and better tolerance for the entire
range, where as 3TSDG and 3TADG deviate more as body thickness is varied. Figure 8 shows the
variation of subthreshold slope and EDP with varying supply voltage. We find 3T option having better
subthreshold slope and EDP values as compared to 4T option in the entire range. Figure 9 compares
the PDP variation of 3TSDG, 3TADG, 4TSDG and 4TADG devices with varying temperature in the
subthreshold region of operation. Again, better robustness of 4TDG option as compared to 3TSDG and
3TADG option is observed.
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Figure 7. The Ion/lorr variation of DG n- MOSFET for different configurations with Tj;

for subthreshold operation.
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4.3. Comparisons of Various DGMOSFET-Based Logic Families

In this section, we study the suitability of various logic families other than static CMOS for energy
efficient subthreshold logic. NAND gates were designed with minimum sizing for functionality with
various logic families and power, delay, and power delay product comparisons are done.

Table 6 summarizes the suitability of various circuit topologies for ultra-low power subthreshold
operation with various configuration of DGMOSFETs [73]. For 3TSDG and 3TADG options, pseudo
NMOS logic style shows to be worst in terms of power consumption and sub-CPL(complementary
pass transistor logic) and sub-DCVSPG (differential cascode voltage switch pass gate) logic styles are
worst in terms of delay. In terms of overall PDP, sub-CMOS shows to be the best option and sub-CPL,
sub-domino and sub-DCVSL (differential cascode voltage switch logic) styles almost have a similar
energy consumption. For 4TSDG option, in terms of power consumption, sub-CPL and sub-Domino
logic styles shows to be better and all others have almost similar power consumption. In terms of
overall PDP, sub-CMOS, sub-Domino and sub-SCVSL logic styles have almost similar and minimum
energy consumption and sub-CPL and sub-DCVSPG shows to be extremely poor for 4TDG option for
subthreshold logic.

Table 6. 3T-4T DGMOSFET configurations with various -circuit topologies for
subthreshold regime.

3TSDG 3TADG 4TSDG
Logic Style P D PDP P D PDP P D PDP
(nW) ®s) 107y  @W) ®s) (0" @W) (ms) (10"°J)

Sub-static CMOS 1.2 3.7 4.44 1.0 33 3.3 136 23 313
Sub-pseudo NMOS 253 1.13 286.3 258 1.16 299.3 242 1.7 411.4
Sub-CPL 1.72 21.3 36.6 1.76 22.4 394 155 54.5 8447
Sub-Domino 1.06 10.2 10.8 0.97 12.1 11.7 83.7 3 251
Sub-DCVSL 32 5.7 18.2 32 5.7 18.2 282 0.9 254
Sub-DCVSPG 34 54.9 186.7 2.9 54.9 159.2 202 47.6 9615

5. Ultra-Low Power RFID Rectifiers with Various DGMOSFET Configurations

As the RFID tag is a passive system, DC voltage must be generated to bias the circuits of the tag,
which is done by a rectifier. The rectifier converts a received RF signal into DC voltage. The main
challenge in designing the RFID rectifier is to generate the required DC power using the low voltage
amplitude of the RF signal with acceptable power conversion efficiency.

5.1. Various Rectifier Topologies Implemented with DGMOSFETs

5.1.1. Simple Rectifier

Power conversion efficiency (PCE) of a rectifier is defined by the output power divided by the input
power. The PCE of the rectifier circuit is affected by circuit topology, diode-device parameters, input
RF signal frequency and amplitude, and output loading conditions. Since the input RF signal of RFIDs
in long-range operations is quite small, small turn-on voltage is the most important factor for the diode
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device. The Schottky diode has been utilized with a multi-stage configuration despite of the additional
processing cost because of its small turn-on voltage. The rectifier circuit using the Schottky diode
achieves a large PCE, but it is not compatible with the conventional CMOS technology and requires
costly fabrication processing. Figure 10a shows a simple rectifier circuit implemented with 3T
DGMOSFETs. Diode-connected n-channel and p-channel MOSFETs are connected in series and the
internal node is connected to RF input terminal through the coupling capacitor (C¢). The PCE is almost
determined by the effective on-resistance of the diode-connected MOS transistor. The lower the
threshold voltage of the MOS transistor is, the lower the effective on-resistance becomes. Therefore
the higher PCE is obtained when the threshold voltage can be lowered. However, the threshold voltage
cannot be lowered significantly since the PCE starts to be limited by the leakage current.

Figure 10. Conventional RFID rectifier implemenation with DGMOSFETs. (a) Simple
rectifier with 3TDGMOSFET; (b) SVC rectifier with 3TDGMOSFET; (¢) Differential
drive rectifier with 4T DGMOSFET; (d) Differential drive rectifier with 3T DGMOSFET.
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5.1.2. Self-Vy, Cancellation (SVC) Rectifier

The PCE for a rectifier using a diode-connected MOSFET is generally worse than that of the
Schottky diode due to its large threshold voltage (Vi,), but when Vi, cancellation techniques are
utilized, the PCE can be increased dramatically. In order to reduce the effective turn-on voltage for
achieving larger PCE, several Vy cancellation schemes have been proposed [80-83]. One uses a
switched-capacitor technique to generate DC gate bias voltage from an external power supply [80] and
others generate DC gate bias voltage from the output voltage of the rectifiers themselves [81-83].
Figure 10b shows self Vy, cancellation (SVC) rectifier circuit implemented with 3T DGMOSFETSs. It is
the same as the conventional rectifier circuit described in the previous section except that gate
electrodes of nMOS transistor and pMOS transistor are connected to the output terminal and ground
terminal, respectively. This connection boosts gate-source voltages of nMOS and pMOS transistors as
much as the output DC voltage. In other words, threshold voltages of MOS transistors are equivalently
decreased by the same amount to the output DC voltage.

5.1.3. Differential Drive Rectifier

The PCE is roughly determined by the effective ON-resistance of the diode-connected MOS
transistor and the minimization of the effective threshold voltage of MOS transistors results in a large
PCE. However, when the effective threshold voltage of the MOS transistor is too small due to the
excessive DC bias voltage, for instance, when it becomes negative, the MOS transistor is always ON
and increased reverse leakage current cannot be ignored. If the reverse leakage current is not
negligible, it directly results in energy loss since charges flowing in a reverse direction are simply
wasted. Therefore, reverse diode loss rapidly increases. In addition, the forward current must be further
increased to compensate the reverse leakage current, thus further increasing energy loss. As a result, it
is concluded that we cannot achieve a small ON-resistance and a small reverse-leakage current at the
same time by “static” Vy, cancellation schemes. The differential drive rectifier is an “active” Vi
cancellation scheme in which Vi can be minimized in a forward bias condition and be increased in a
reverse bias condition automatically by a cross coupled differential circuit configuration [84].
Figure 10c shows the unit stage of the differential drive rectifier circuit with 4T DGMOSFETs and
Figure 10d shows the differential drive rectifier circuit implemented with 3T DGMOSFETs.

5.2. Comparison of Various RFID Rectifier Topologies Using DGMOSFETs

The above mentioned rectifier topologies are simulated using HSPICE to analyze the best topology
for ultra low power RFID design with highest PCE using DGMOSFET technology. The circuit
parameters are as follows: Cc = Cs = 10 pf and Ry, = 10 kQ, W/L ratio for minimum sized devices is 2
and upsized devices is 10, W,/W, = 2, f= 100 MHz. Comparison of DC output voltages generated by
various rectifier topologies implemented with minimum sized 3T DGMOSFETs with variation in input
levels is shown in Figure 11a. Conventional and SVC rectifier topologies have almost similar and
lower output voltages in comparison to higher output DC voltage generated by the differential drive
rectifier. As the RF input signal amplitude change from 0.1 to 0.9 V (for a power change of 0.5-365 uw),
DC output power change by 0.5-139 uw for differential drive rectifier and 1.6 pw—1 puw output power
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change for a SVC rectifier respectively. As a result, higher PCE values for differential drive rectifier
can be seen in Figure 11b. For the same change in input voltage level, the PCE changes by 42-38% for
differential drive, 0.04-2.1% for SVC and 0.2-2.1% for simple rectifier topologies. Power
consumption comparison of the above rectifier topologies designed by minimum-sized 3T
DGMOSFETs is described in Figure 12. SVC and conventional rectifier topologies consume
lower power (0.01-36 uw for SVC, 0.01-14 pw for conventional and 0.5-515 puw for differential
rectifier topologies.

Figure 11. Comparison of various rectifier topoligies with minimum sized 3T DGMOSFETs
as a function of RF input voltage. (a) DC output voltage; (b) PCE.
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Figure 12. Comparison of power consumption of different rectifier topoligies with
minimum sized 3T DGMOSFETs as a function of RF input voltage.
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RF MOS transistors are usually designed as large devices in order to achieve the desired
transconductance required to meet the RF requirements. They are usually laid out as multi finger
devices, because in deep submicron CMOS processes, the maximum finger length (corresponding to
the unit transistor width W) is limited. Typical devices have up to 10 or more fingers. Here the above
minimum sized devices are upsized (10 times) and simulations are carried out to see the effect of PCE
and DC output power generated by the various rectifier topologies, which can be seen in Figure 13.
It can be seen that for a differential drive rectifier, although the overall DC output voltage generated by
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upsized devices increase significantly (from 0.12—1.72 V), but the PCE will still be lower compared to
minimum sized devices due to the significant increase in the input power drawn from the signal.
However, for SVC and simple rectifier topologies, both the DC output power and PCE increase
significantly due to the less number of devices and small input power in comparison to that of upsized
differential drive rectifier topology. For SVC, DC output power rise by 91 pw—5.6uw and PCE by
0.2-4.7% and for conventional rectifier, DC output power increase by 296 pw—4.1 uw and PCE
change by 1.2-2.2%. This concludes that upsizing is not beneficial for differential drive rectifier both
in terms of PCE and power consumption. For SVC and simple rectifier topologies, the PCE increases
in power consumption (0.04—66.4 pw for SVC and 0.03-21.2 pw for conventional rectifier).

Figure 13. Comparison of different rectifier topoligies with up-sized 3T DGMOSFETs as a
function of RF input voltage. (a) DC output voltage; (b) Power conversion efficiency (PCE).
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5.3. Effect of 3T/4T, Symmetric/Asymmetric DGMOSFET Features on Differential Drive
Rectifier Topology

In the previous section, various rectifier topologies comparison for 3T DGMOSFETs is done. In
this section we explore more on differential drive rectifier topology. Compariosn of DC output
voltages generated by differential drive rectifier topoplogy implemented with minimum and upsized
3T/4T DG MOSFETs with variation in RF input levels is presented in Figure 14a. It can be seen that
DC output voltages and thus DC power generated by 4T DGMOSFET circuits are smaller in
comparison to that of 3T DGMOSFET circuits for both min. size and upsize topologies. This is
primarily due to the larger /on/Iorr values of 3T DGMOSFETSs than 4T DGMOSFETs. From Table 7,
the DC output power generated by the 4T min-size configuration is 96% lower at high input levels and
25% lower at small input power levels than the 3T min-sized configuration. Similarly, the 4T upsized
configuration DC output power level is lower by 114% both at lower and higher levels of input power
as compared to 3T upsized configuration. Power conversion efficiency (PCE) comparisons of the
differential drive rectifier topoplogy implemented with the minimum and upsized 3T/4T
DGMOSFETS with variations in RF input levels are demonstrated in Figure 14b. Overall, 4T
configuration has lower PCE than 3T configuration, but at very small RF input power levels, we can
see the increase in the PCE of the 4T configuration than the 3T one.
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Figure 14. Comparison of different rectifier topoligies with minimum and up-sized 3T/4T
DGMOSFETs as a function of RF input voltage. (a) DC output voltage; (b) PCE.
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Table 7. Summary of DC output level and DC output power of 3T/4T minimum and
upsized Differential drive rectifier topology.

3T Min. Size 3T Upsize 4T Min. Size 4T Upsize
prit DC DC DC DC DC DC DC DC
V) Output Power Output Power Output Power Output Power
Level (V) (nw) Level (V) (nw) Level (V) (nw) Level (V) (nw)
0.1 (small) 0.07 0.5 0.12 1.5 0.063 0.4 0.08 0.7
0.9 (large) 1.18 138.8 1.72 295.7 0.84 70.7 1.16 138.4

Figure 15 shows the DC output voltage and PCE of the differential drive rectifier implemented with
3T/AT, symmetric/asymmetric features of DGMOSFETSs. Overall, 3TDG feature has larger DC output

levels and PCE than 4T configuration. SDG and ADG have almost similar DC output level generation
and PCE values.

Figure 15. Comparison of Differential drive rectifier with 3T/4T and symmetric/asymmetric
DGMOSFETs as a function of RF input voltage. (a) DC output voltage; (b) PCE.
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6. Conclusions

This paper investigated the scope of various configurations of DGMOSFETSs with circuit co-design
for ultra-low power RFID. It demonstrated that DGMOSFETs are more promising for future
ultra-low power systems in comparison to bulk CMOS. Power, delay, and power-delay-product
comparison of DGMOSFET-based logic circuits with bulk CMOS-based ones show that the
DGMOSFET-based circuits improve energy efficiency more than 40% in the subthreshold operation.
The DGMOSFET-based circuits also have 50% less variation than the bulk CMOS circuits. From the
device/circuit performance metrices comparisons between four different DGMOSFET configurations
(3TSDG, 3TADG, 4TSDG, and 4TADQG), it is observed that the energy-delay-product of the 4T
configurations is substantially higher when compared to 3T configuration. This proves that for better
overall subthreshold circuit performance, it is preferable to use the 3T configurations over the 4T
configurations. The 3TSDG configuration has around 78% better EDP value than the 4TSDG
configuration. The PDP comparison of 3T-4T DGMOSFET-based logic families for subthreshold
operation reveals that sub-CMOS, sub-Domino and sub-DCVSL logic styles have nearby values and
lower energy consumption than the rest logic families. Sub-CPL and sub-DCVSPG designed with
4TDGMOSFETs are extremely poor in terms of PDP in the subthreshold operation. Overall, the
3TDGMOSFET configuration is better suited to RFID rectifiers and digital building blocks operating
in the subthreshold region than the 4T configuration.
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