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ABSTRACT A novel level shifter (LS) circuit that uses a new low-power approach based on a parasitic
capacitance voltage controlled current source is presented to minimize the propagation delay (PD) and
maximize the voltage conversion range. This new scheme uses a simplified circuit including a dependent
current source, a composite transistor made of three interconnected n-channel MOSFETSs (TnM), one CMOS
input inverter, and one CMOS output buffer to provide a fast response time. The circuit utilizes the combined
action of the equivalent parasitic capacitance of the TnM, the value of which changes dynamically according
to the transient value of the input voltage, and the dependent current source to shift the input signal level
up from subthreshold voltage levels to 3.0 V, with minimal delay and power consumption. The LS circuit
fabricated in 0.35 um CMOS technology occupies a silicon area of only 25 um x 25 um. The LS shows
measured rising and falling PDs of, respectively, 4 and 11.2 ns. The measured results show that the presented
circuit outperforms other solutions over a wide frequency range of 1 to 130 MHz. The fabricated circuit
consumes a static power 31.5 pW and a dynamic power of 3.4 pJ per transition at 1 kHz, Vppr, = 0.8 V, and
a capacitive load of C, = 0.1 pF.

INDEX TERMS Level shifter, high-speed, subthreshold operation, equivalent parasitic capacitance, wide
conversion range, low-power consumption.

I. INTRODUCTION across different supply voltage domains [5], [6], [7]. High-
Level shifters (LSs) are key circuits in numerous micro- performance telecommunication systems require high-speed
electronic systems including systems-on-chip (SoCs) and LS circuits consuming as low power as possible. Low-
complex system-in-package (SiP) devices [1], [2], [3], power applications, such as peripheral modules for the
[4]. These circuits are used to translate one signal level Internet of Things or implantable medical devices, working
to another, allowing signals to be properly transferred at medium or low frequencies, often use subthreshold circuits
to decrease static and dynamic power consumption [8],

The associate editor coordinating the review of this manuscript and [9], [10]. Energy-efficient circuit designs using subthreshold
approving it for publication was Dusan Gruji¢ " . operations are well suited for these applications that do
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FIGURE 1. Simplified level shifter circuit schematic: (a) basic structure of
current source-based LS, (b) PD between input and output signals.

not require fast circuit operation [11], [12]. Hence, high-
performance subthreshold LSs are necessary in these low-
power applications [13], [14].

SoCs frequently use multiple voltage supply and signal lev-
els inside their various building blocks [15], [16], [17], [18].
Using multiple technologies operating at various supply volt-
ages within the same SiP can decrease fabrication cost and
power consumption [19], [20], [21]. Emerging technologies
using lower supply voltages are highly optimized to improve
performance; hence, using them in SiP is advantageous but
expensive [22], [23]. Therefore, reliable LS circuits support
robust technologies where higher supply voltages can cohabit
with lower supply voltages to accommodate both high-speed
high-performance, and low-power non-critical blocks within
the same SiP [24], [25], [26], [27], [28], [29].

Fig. 1 (a) illustrates the basic structure of a conven-
tional current mirror-based LS (CBLS). Different tech-
niques and innovations have been proposed to improve
the main parameters of CBLSs, including PD (Fig. 1(b)),
static and dynamic power consumption, and dynamic
conversion range [30], [31], [32], [33], [34], [35], [36],
[37]. Such improved circuit has less contention than the
latch-based LS [29]. However, it can exhibit a large static
short-circuit current when the input pulse intensity is high
(Fig. 1(a)), which can significantly increase the power
consumption.

In [36], a logic error detection circuit for near-threshold
operation is used to enhance the performance of CBLS as
shown in Fig. 2 (a). In this schematic, the level shifting
part includes Mp;-Mps, Mnj, and Mnp, while the logic
error detection part consists of Mps, Mpg, and Mns-
Mpns. Although this LS was implemented in a CMOS
14-nm process using minimum transistor sizes, two-stage
topology resulted in a rather long PD and narrow conversion
range.

The CBLS reported in [38] (Fig. 2(b)) uses the n-type
MOSFET Mpny4 to minimize the static current. However,
utilizing 15 transistors to implement the LS can result in a
larger circuit area. This CBLS also uses a substantial amount
of power, and the feedback loop increases the PD.

The CBLS presented in [39] uses a digital circuit based
on error correction, as shown in Fig. 2(c), to overcome the
limitations of conventional LSs. However, the presented LS
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suffers from significant contention in nodes OUT and Y.
The contention is due to the superimposition of Mpg with
Mng at the output node on the right-hand side, and Mp;
with Mn3 on the left-hand side. The circuit in [39] also
suffers from a similar problem like the LS circuit in [38]. The
drawbacks associated with this topology are a long PD due to
the feedback loop and a bulky area. Since the circuits shown
in Figs. 2(b) and 2(c) operate as dual-stage circuits, their total
speed is limited due to the resulting long PD.

In this paper, a novel subthreshold LS circuit based on a
voltage controlled current source (VCCS) combined with the
equivalent parasitic capacitance (Cp) of three interconnected
n-channel MOSFETs (TnM) is presented to shift the signal
level up with a shorter PD, a wider conversion range, and a
lower power consumption compared to other solutions. In our
approach, a parasitic capacitor value Cp, varies according
to the voltage drop across the TnM and the operating
regions of the MOSFETs (i.e. triode or saturation mode),
providing the LS circuit with minimal delay and power
consumption for proper low-power operation in subthreshold
region. It will be shown in the next sections that using the
dynamic parasitic capacitor provided by the TnM at node
Va (Fig. 3 (c)), compared to a single transistor, allows this
LS design to operate in subthreshold region while providing
the same delay and a wide conversion range compared
to a LS working in strong inversion and consuming more
power.

A low-power latch-based LS is presented in [40]. In this
topology, the MOS transistors of Mpg and Mp7 are added on
the pull-up network in their diode configuration to mitigate
any strong contention. However, this connection affects the
swing of the circuit because the drain of My can only
reach Vppy — [Vipl. In addition, the rise time of node
D is decelerated due to the diode connected transistors.
Consequently, the propagation delay is increased. A latch-
based structure associated with current limiter is presented
in [41]. It is used to keep the current flowing during
transitions to the minimum. The output is pulled down during
transitions easily due to the limited current. In this LS
circuit development, the diodes or isolation of gate is not
obligatory. Furthermore, the current sources are switched
off outside transition times. Consequently, the short-circuit
static current is almost zero. The drawback of this circuit
is that the buffer circuit input exposes the LS to noise
by making the output signal floating high when the input
pulse is low. A latch-based structure in which the delay
elements and five series diode-connected MOSFETs create
an intermediate supply voltage (Vipp) is presented in [42].
In this circuit, Vipp is lower than Vppy and is connected
to pull up the network to reduce the drive strength. The
circuit operation is highly challenging at low Vppr, because
a trade-off must be made between speed, area, and static
power due to the delay element and the diode-connected
transistors.

In this design, the current source supplies the needed
current to the TnM within a given operating period, while
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FIGURE 2. Different CBLS: (a) CBLS Current source with logic error detection circuit [36], (b) Two stage CBLS [38], (c) CBLS with correction circuit [39].

the TnM converts the obtained current from the VCCS to a
voltage level greater than the input voltage level. A feedback
mechanism is designed to provide the right amount of current
to the TnM while keeping the LS in sleep mode after the
transition times to minimize the total power consumption
(TPC). The TnM provides fast charge/discharge due to its
equivalent parasitic capacitance to minimize the PD. The
combined action of the VCCS and the TnM also maximizes
the conversion range (CR) compared to other LS circuit
solutions.

The remaining sections of this article are organized as
follows. The configuration and the operating principle of
the proposed LS circuit are covered in Section II. The
implementation of the circuit, mathematical discussion, and
the post-layout simulation results are presented in Section III.
The measured performance of the LS fabricated prototype
is provided in Section IV. The results are discussed and
compared to other solutions in Section V, followed by
conclusions in Section VI.

Il. PROPOSED LS ARCHITECTURE AND OPERATION

The proposed LS is constructed based on a current mirror
structure, thus it benefits from the high impedance of its
output node and good matching capability. A feedback
network circuit is employed to control the current supplied to
a modified current mirror-based LS (MCLS) (Fig. 3(a)). This
area-efficient circuit block consists of a composite transistor
including three interconnected MOSFETSs providing level
shifting and an equivalent parasitic capacitance C, at node
V. In the simplified schematic of Fig. 3 (c), when IN = 1, the
VCCS charges C,, which pushes V4 upward. The charging
of Cp, by VCCS provides a voltage ramp at node A. Then, the
voltage V4 is converted to Vppy through the output buffers
(Fig. 3 (a)).

In Fig. 3 (a), the variable V4 corresponds to the voltage
of an important circuit node that is later used to produce
the current source control voltage (Vc), as illustrated in
Fig. 3(c). The voltage variation (AVy,) is measured by the
feedback network and converted into a current variation
(AIp). Then, Alp is subtracted from the main mirrored
current “I”’. Finally, the rest of the current (I}) is delivered by
the MCLS. Therefore, when Alp = I, the feedback network
completely shuts the circuit down. Consequently, the average
power consumption, corresponding to the area shown in green

132434

Modified Current
Mirror-based LS
(MCLS)

AV, to Ala

(a) (b)

+2.4V  +0.6V

# With Feedback
*Without Feedback
li1=aVc=1-Als

Vc: Controlling Voltage

l;=aVc: Dependent Current
Cp: Equivalent parasitic capacitance

FIGURE 3. General block diagram of the proposed CBLS: (a) Operation of
the feedback part, (b) Voltage V, with (*) and without (#) feedback
network, and (c) Simplified proposed LS.

in Fig. 3(b) is saved and compared to a LS circuit without
feedback.

Converting Va to Vppy using a buffer can consume as
much power as the energy saved by the feedback mechanism,
as shown in Fig. 3(b). A large equivalent parasitic capacitance
is seen at node Vp due to the TnM (Fig. 3 (c)). The
feedback network, therefore, must control the voltage Va
at this critical node. The controlled charge/discharge of the
large parasitic capacitance at node V5 gradually shifts the
level of the applied signal. Then, the output buffer (i.e. a
chain of inverters) in the lower-strength nodes transforms
the enhanced signal at node Va into Vppy with minimal
contention. As explained in detail in Section III, the TnM
provides a simplified topology designed to efficiently exploit
the parasitic capacitance of the MOSFETs. Accordingly, this
approach for converting the input signal into Vppp, based on
the TnM and the feedback network, significantly improves
PD, TPC, and CR as compared to other implementations.
Furthermore, the closed-loop negative feedback regulates the
current delivered to the TnM to minimize any unnecessary
power consumption.

The circuit operation is illustrated in Fig. 3 (c). The
voltage-controlled current source (VCCS) supplies a variable

VOLUME 10, 2022
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current to the TnM and produces a voltage Va, which
allows to generate the control voltage (V¢) of the feedback
circuit. Finally, V is amplified through two inverters to
buffer the signal and to generate Vppy. The design of the
level shifter was summarized in a conference paper [7].
Compared to [7], this paper presents a detailed description
of the design, and provide the measurement results obtained
with the fabricated chip, which were not available in [7].
Detailed design explanations and a mathematical analysis of
the circuit are also provided to fully cover the operation of the
presented circuit. The measurement results obtained with the
fabricated chip are discussed and the performance of our new
level shifter design is compared with other solutions.

The advantages of the presented wide conversion range LS
are summarized as follows:

1) A VCCS and a TnM are used to progressively
increase the input signal level. Therefore, the oppo-
sition between the strong pull up and the weak pull
down is completely removed, resulting in significant
improvements in PD, CR, and TPC.

2) In contrast with the conventional current mirror-
based LS, wherein the quiescent current limits the
LS performance, the feedback used in this LS design
permits the circuit to work only during a given
time interval. When no input transition occurs, the
LS is placed in stand-by mode, thereby significantly
decreasing the leakage current and the static power.

3) Our topology uses only one effective stage to raise the
signal intensity, rather than two or more, resulting in
reduced propagation latency and complexity.

4) The presented circuit utilizes a large transistor on the
low side of the current mirror to address the weak
pull-down issue associated with the low Vppr. This
allows converting the low amplitude signal into a pulse
of larger amplitude Vppp. Consequently, this circuit is
suitable for use in the subthreshold region.

5) The presented circuit uses fewer transistors compared
with conventional CBLS circuit implementations,
resulting in area saving.

lll. CIRCUIT IMPLEMENTATION AND SIMULATION

A detailed description of the proposed LS circuit implementa-
tion is presented in Fig. 4(a). It consists of several subblocks,
including a TnM, a feedback network, a VCCS, an input
inverter, and an output buffer.

A. CIRCUIT DESCRIPTION

In the presented LS circuit (Fig. 4(a)), the input signal (IN)
is applied to the n-channel MOSFET MNI, whereas the
voltage V4, which is in-phase with IN, is applied to the gates
of MP1 and MP2 (p-type MOSFETsS, superimposed with
MNT to cut off the static current). Accordingly, this circuit
is allowed to operate only within the duration of the PD of
the input signal to the output of the circuit. Otherwise, Va
turns off MP1 and MP2 to avoid any current (I7) flowing
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into the TnM and remains in idle mode. The role of the TnM
composite MOSFET made of MN2, MN3, and MN4 is to
shift the level of the input voltage upward by providing a
dynamic equivalent capacitor, the value of which depends
on the value of IN, charged by VCCS at node V5. When
IN = “17, the VCCS charges C,. When IN = 70", the TnM
discharges Cp, without the need for extra switches. In contrast
to using a single transistor to charge V 4, this scheme provides
a dynamic capacitor value at node Vp, the value of which
depends on the operating region of MP2, MP4, MN2, MN3,
and MN4. When IN = “1”, the voltage V4 increases and
puts MP2 and MP4 in the triode region while transistors
MN2, MN3, and MN4 are in cut-off region. The value of C,
is smaller in triode than in saturation, hence decreasing the
dynamic power consumption and the delay. When IN = “0”’,
transistors MN1, MP2, and MP4 are in cut-off region and
the voltage Va decreases. Consequently, MN2, MN3, and
MN4 are put in the triode region, which also decreases the
value of Cp, as compared to saturation mode, hence decreasing
the dynamic power consumption and the delay [37]. The
total gate capacitance of the MOSFET is given by Co =
CoxWL where W and L are, respectively, the width and
the length of the MOSFET channel; and Cpy is the parallel
plate capacitance between the gate and the bulk (i.e. Cox =
eox/tox). Parameters &,, and toy are, respectively, the silicon
oxide permittivity and the oxide thickness. In the linear region
(i.e. in triode), the values of the parasitic capacitances seen
between the gate and the source (gate-source) and between
the gate and the drain (gate-drain) of the MOSFET are
dominant. Due to the existing conduction channel in this
region, and are given by Cgs = Cgq = Co/2 [40].

In the saturation region, the value of the gate-source
parasitic capacitance is dominant and is given by Cgs =
2-Co/3 due to the channel pinch-off where the values of Cgq
and Cys are negligible [40]. In the presented LS, the TnM
dynamically controls the value of the distributed parasitic
capacitance C,, according to the transient value of the input
pulse (IN), when it is charged by VCCS and discharged
through MN2, MN3, and MN4.

When IN is high, MN2, MN3, and MN4 turn off and the
current flows through the p-channel transistors (MP2 and
MP4) to charge the equivalent parasitic capacitance at node
A. The voltage at node V, increases until MP1 and MP2
enter the triode and then the cutoff region. Consequently, the
current “I”” decreases. Eventually, the voltage at node V4 is
conveyed to Vppy by the output buffer. The circuit operation
when IN = “1” is illustrated in Fig. 4(b).

The produced current from MN1 must be mirrored to the
TnM in the proposed topology to shift up the output voltage.
However, the current flowing into MP2 and MP4 depends on
the Vgg of MP2. The gate voltage of MP2 increases when
V4 increases gradually, whereas the drain voltage of MP2
decreases. Accordingly, Vsg and Vgp of, respectively, MP2
and MP4 decreases. The dependent current of the VCCS
flows into TnM, leading to the increase of Vo at node A.
This way, Vsg of MP2 and Vsp of MP4, which corresponds
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FIGURE 4. Implementation and operation of the proposed LS: (a) Transistor level realization, (b) LS operation when IN = “1”, and (c) LS operation

when IN = “0

to V¢ (Fig. 3(c)), create a well-controlled voltage that places
MP2 and MP4 in the triode region and then turn them off,
preventing any extra current to be delivered to the TnM.
In addition, the value of C, decreases when MP4 goes into the
triode region and then into cutoff. Consequently, the dynamic
power consumption decreases, and a minimum PD can be
achieved.

In contrast, MN2, MN3, and MN4 turn off when IN = “0”".
Consequently, the available equivalent parasitic capacitance
Cp seen at node A is discharged by the path provided by
MN?2 and MN3, through MN4. Thus, the voltage V4 rapidly
discharges to nearly zero. The circuit returns to sleep mode
when MNT1 is turned off. The circuit operation for IN = “0”
is illustrated in Fig. 4(c).

Indeed, when IN = 70”7, MN2, MN3, and MN4 are
designed to discharge C;, rapidly, in two different directions
through the various Ry, resistances of the MOSFETs with
specific care to minimize the PD and to reduce the dynamic
power consumption.

When IN = 707, as shown in Fig. 4 (c), the input of MN2
and MN3 is equal to Vppr, while the voltage at node A, which
was charged at the previous state (when IN = “1”") is equal
to Vppu-Vscomp2. Therefore, Vpg voltages of MN2 and MN3
are equal to V. Since Vpg of MN3 is fixed by the Vg value
of MN2 (VDSMN3 = VDDL'VGSMNZ), VDS of MN2 equals to
Vpsmn2 = Va-VpsMnz. Most of V4 drop occurs across MN2
as Vpsmnz, thus MN2 is in saturation (VpsmN2 > VodMN2)s
while MN3 is in triode due to the low voltage drop across its
drain and source (VDSMN3 = VDDL'VGSMN2)-

At the beginning, when IN = 0, MN4 is turned off and
all the discharge current (Fig. 4 (c)) passes through MN2
and MN3 (igischrge1). Since the discharge current is high in
the beginning, the voltage drop across Vpsmns 18 Ronmng X
idischrge1. The value of RonmN3 X idischrge1 1S greater than
Vinmna. In addition, a large enough voltage drop Vs across
Vps of MN4 provides the condition VpsymNg > Voamng to
turn MN4 on with the help of MN3. When MN4 is turned
on, a low Ry, is added in parallel with the Ry, of MN2
and MN3. Thus, the total Ry, provided by the two parallel
discharge paths decreases, speeding up the discharge of Cp, by
idischarge2 in parallel with igischerge1 (Fig. 4 (c)). Consequently,

132436

TABLE 1. Transistor sizes of the proposed LS in Fig. 4.

Parts Components Values (um)

Input inverter PMOS W/L=1.5/0.35
NMOS W/L=1.5/0.35

MN1 W/L=10/0.35

MP1 W/L=0.4/0.35

VCCS MP2 W/L=0.4/0.35
MP3 W/L=0.4/0.35

MP4 W/L=0.4/0.35

MN2 W/L=1.5/0.35

TnM MN3 W/L=1.5/0.35
MN4 W/L=0.4/0.35

Output buffer PMOS W/L=0.4/0.35
NMOS W/L=0.4/0.35

the PD and the dynamic power consumption are decreased.
Table 1 shows the dimensions of all transistors used in the
presented LS circuit shown in Fig. 4(a).

B. TnM CIRCUIT ANALYSIS AND EQUIVALENT CAPACITOR
The circuit diagram of the TnM with all its parasitic capac-
itances, is illustrated in Fig. 5(a). The effective equivalent
parasitic capacitance C, at node “A” is the sum of the
capacitance seen from the drain of the TnM (Ceq—TnMm in
Fig. 5 (a)), the drain of MP4 (Cgmps4), the gate of MP2,
and the input capacitances of the output buffer (Ceq—Buffer)-
Thus, the total equivalent parasitic capacitor seen at node
“A” is nonlinear and depends on the region of operation of
the MOSFET. Fig. 5 (b) presents the simplified circuit of
the output buffer and the schematic of an inverter with its
parasitic. Cayp4, Cog—Buffer> Camp2, and Cey—mnp are detailed
in (1). In the Cey—7am, the Cyyn2 is the seen capacitor
from the source of MN2. C, is the summation of these
capacitances.

Camps = Casmps + Cagmpa
Ceg—Buffer = Cysp + Coap + Cgan + Cysn
Csun2 = Cosmn2 + Coamns + Casuns + Cospna
Ceg—tam = Casmna + Cagmna + Cgamn2
+ (Casman2 X Cspn2/(Caspnz + Csmn2))

VOLUME 10, 2022
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FIGURE 5. (a) The circuit diagram of the TnM with all its parasitic capacitances, (b) Simplified circuit of the output buffer and the schematic of an
inverter with its parasitic, (c) The equivalent parasitic capacitance charged by a current source, (d) Voltage across Cp, (e) Transfer function of a buffer,

(f) A single transistor instead of TnM.

Compr = Cysmp2 + Cgamp2
Cp = CequnM + Cequuﬁ‘er + Camps + CgMPZ
(1)

In general, post-layout simulations are necessary to obtain
an accurate estimation of the total parasitic capacitance seen
at a specific node. The circuit operation can be modeled
based on the expression of a capacitance charged by a
current source, as shown in Fig. 5(c). In this model, the
voltage across the capacitance C, is given by (2), where V
is the voltage developed across capacitor C,, during the time
interval T', as shown in Fig. 5(d), and iy, is the current flowing
through C,,.

1 T
V=— ] d 2
Cpfo icp (1) dt (2)

Simulation can be performed to precisely determine the
value of the equivalent parasitic capacitance at node “A” in
the circuit shown in Fig. 4(a).

In the proposed circuit, the capacitance value seen at node
“A” can vary because the amount of current delivered to
node “A” depends on the operating region of MP2 over
different time intervals. When V5 is zero, MP1 and MP2 are
in their saturation regions. Therefore, the values of C, can be
obtained from

. w 2
I'=ispyp, = mrCox 5 (VSGMpz — | Vinp | ) (1 + AVsDyp, )
dVy
=Cp—— 3
P 3

Expression (3) is valid only at startup. Afterward, when IN
changes to “1”’, the gate voltage of MP2 and the drain voltage
of MP4 increase gradually, forcing MP2 to enter the triode
region. Therefore, “isp,;p,”” in (3) is substituted by

w
ispypy = MPCox L [(VsGurs = [Vinp|) VsDrses
- O.S(VSDMPZ)Z] (1 + )”VSDMP2) @
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Finally, MP2 enters the cutoff region, “isp,,,, = 0", and the
circuit shuts down when V p further increases.

When IN = “1”°, the current delivered to the TnM by MP2
and MP4 follows three steps. In the beginning, the current is
modeled by the equation of the drain current of MP2 when
it is in the saturation region. Then, the current is modeled
by the equation of the drain current of MP2 when it is in
the linear region. Finally, the delivered current is equal to
zero in the cutoff region of MP2. When IN = “0”, MN2,
MN3, and MN4 are activated to discharge the voltage of Va
through three steps corresponding to the operating regions of
MN2, MN3, and MN4 (see a detailed description in the last
paragraph of Section III. A). During both transition times,
when IN = “0” or IN = “1”, MP2, MP4, and MN2-MN4
work through the three different regions in a short permitted
operating time. In these three regions, the current delivered to
the TnM first follows a second order equation as in (3), then
a first order equation as in (4) follows, and finally I = 0, i.e.
cut-off. Consequently, the current flowing through the TnM
is a Gaussian waveform [43]:

—(t —m)2

¢ 202 (5)

1
Inm (1) r
where o is standard deviation, m is mean value, and ¢
represents the time. The amplitude of the current equals
1/0+/2 , and the operating time of the circuit equals
approximately m/2. The LS circuit operation during the
transition times and the transfer function of the output buffer
are analyzed to derive the PD formula. Vg as a function of V5
(input of buffer voltage) is plotted in Fig. 5 (e). In this voltage
transfer characteristic, Vy is the switching threshold. Thus,
the output of the presented LS changes when V4 reaches
Vwm. Therefore, when IN =*1", to extract the rising PD (z,,)
from (2), we replace icy(t) by Iy (¢) that is described by (5).
In this way, (2) can be rearranged as follows where V = V4.

—(t—m)2

1 (T 1
Vy=— / e 22 (H)dt (6)
Crlo o227
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The proposed LS is allowed to work only during the PD;
therefore, the integral bounds of (6) are from #g to #y + 1,
where # indicates the exact start time of the LS input signal
(IN) going up and #y + t,, indicates the moment that Vy4
reaches Vjy. Thus, replacing VA by Vi in (6) and evaluating
this integral over the rising PD t,, yields

1 to+tpr 1 —([—;n)z d
Va=Vy =— e 2% (1)dt @)
Cr Jo o2
Which can be approximated using Simpson’s rule
1 (041 — 1 2ty + ¢

Vm = —% Tran (o) + 4y | ———

Cp 6 2

+ ITnM(to + tpr)] (8)
Replacing dt by a time interval At in (3) yields

At.ispyp, = Cp.AVy )

where AVy is the variation of Vo over the time interval Af.

The value of C,, is determined by
AtL.ispyps

Cp= ——F"— 10

P AV, (10)

In (10), the value of isppp2> depends on the region of operation

of MP2. igpypa can be calculated using (3) when MP2 is in

saturation and using (4) when it is in the triode region. The
PD (z,) is then derived as follows

6CpVy

tor =
2ot
Irnm (10) + 4am ( IOertp

) + Itnm (lo + tpr)
(11

when IN goes down, MN1 is turned off and C,, which
was charged at the previous step when IN = “1” starts
to discharge through MN2, MN3, and MN4. Fig. 6 shows
the equivalent circuit of the presented LS when IN = “0”.
In this case, to extract the falling PD (z,y), the equation of the
discharging capacitor must be used. Based on Fig. 6,

'
Vey (1) = Va.eFor e (12)

where Ront equals (Ron2+ Ron3)||Rong (Fig. 6) and C, is
described by (10), while ispmp2 is a discharging current,
as illustrated in Fig. 6,
At. (igi + igi
Cp= ( dischargel dtscharge2) (13)
AVy

In (12), the falling PD of 7, equals the time interval between
the input signal (IN), when it goes down, and the moment that
Vcp(t) decreases to reach V. Therefore, by replacing Vi, ()
with Vi in (12), #, is estimated by

~of Vi
VCP ) =Vy = eRonTCPp —= V_ = _tpf
A

V
= Rour.Cp.Ln (—M> = tyf
Va
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FIGURE 6. Equivalent circuit of the presented LS circuit when IN = “0."

Va
= RonT.Cp.Ln —_ (14)
Vu
Finally, the PD is estimated by the average of #,, and 7,y as

follows
tyr + 1

= pr 5 of (15)
C. SIMULATED PERFORMANCE
The simulation results of the proposed LS are shown in Fig. 7.
It shows the input voltage of 0.6 V, the current “I”” flowing
through the TnM, the Va, which is gradually increasing,
and the output voltage of 3.0 V with an operating frequency
of 1 MHz. In the inset of Fig. 7, the PD of the rising edge
is 1.99 ns. The current flows in the TnM only during a
limited time interval within the PD, provides the current /
with a Gaussian waveform (Fig. 7), which is an energy-
optimal waveform [44], [45]. The figure also shows Va,
which is controlled by the feedback network, increasing
smoothly. The peak current flowing inside the TnM during
the rising edge of the input/output pulses duration, is limited
to 8.5 uA. The current in the rising edge is reduced by
half due to the utilization of the feedback network, which
minimizes any contention and speeds up the operation of
the circuit, as shown by the limited duration of this current
waveform.

Figs. 8 (a) and (b) show the simulated C, and voltage
Va during the, respectively, rising and falling transitions in
which, the LS circuit is permitted to work. In Fig. 8 (a),
Va is close to zero in the beginning placing MP2 and MP4
in the saturation region. At the same time, C, exhibits its
highest parasitic capacitance. When V4 gradually increases,
the MP2 and MP4 go into the triode region which decreases
the parasitic capacitance at node A. It should be noted that the
gate-source / gate-drain parasitic capacitances of a MOSFET
are dominant (other parasitic capacitances are negligible)
and are given by Cgs = Cgq = Co/2 in the triode region,
and by Cgs = 2-Co/3 in saturation, where Co is the total
gate capacitance of the MOSFET [40]. Thus, C, follows a
descending curve when the V4 increases when IN = “1”.
As shown in Fig. 8 (a), C, can vary from 30 fF to 7 fF when
Va increases from 0 Vto 1.3 V.

Fig. 8 (b) shows the simulated C;, and V5 when IN
goes down. In this case, the voltage V4 is around 1.35 V
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and (b) the falling PD (IN = “0").

in the beginning assuming it was previously charged, the
gate voltages of MN2 and MN3 are equal to Vppr, which
turns them on. As shown in Fig. 6, the TnM creates two
different branches between V and ground for discharging
Cp when IN = “07, 1) through MN4, and 2) through MN2
and MN3 in series. In the beginning, V4 is large placing
MN4 and MN2 in the saturation region and thus significantly
increasing the parasitic capacitance at node A. At this time,
Cp can be as high as 32 fF according to the simulation
(Fig. 8 (b)). When V4 decreases, the voltage across the TnM
decreases, and consequently, MN4 and MN2 go into the
triode region, decreasing the parasitic capacitance at node
A. Then, when IN = “0” and Vja starts decreasing, Cp
decreases as shown in Fig. 8 (b). The value of C;, varies from
32 fF to 5 fF when V decreases from 1.4 V to 0.2 V for
IN=“0".

We compare the LS operation with a single transistor
(Fig. 5 (f)) instead of using the TnM. Fig. 9 presents an
input voltage of 0.6 V, a flowed current “I”’ through a single
transistor (replacing the TnM), a Va gradually increasing,
and the output voltage of 3.0 V with an operating frequency
of 1 MHz. In the inset of Fig. 9, the PD of the rising edge
is 3.18 ns. In this setting, the simulated PD was 1.6 times
longer than with the proposed LS circuit, which is using the
TnM. The amplitude of the current is I =11 pA, compared
to I =8.5 wA when the TnM was used. To elaborate, when
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FIGURE 9. Enlarged view of simulated 0.6 V input pulse, 3.0 V pulse
output, voltage V,, and current flowing through the single transistor
signals of the LS at 1 MHz.

a single transistor is used instead of the TnM, the low side
of the presented LS design (Fig. 4 (a)) performs like a
conventional LS circuit (Fig. 1) that suffers from contention.
Consequently, the power consumption and the PD of this LS
increase compared to our solution, as simulated, and shown in
Fig. 9. Figs. 10 (a) and (b) show the simulated Cp, and voltage
VA during the, respectively, rising and the falling transitions
in which the LS circuit (using a single transistor instead of
the TnM) is permitted to work. In Fig. 10 (a), the input
of the single transistor (used instead of the TnM) is ““0” and
the single transistor is turned off. So, the variation of C, in
node A depends on the parasitic capacitances of MP2 and
MP4 (Fig. 4 (a)) where C, varies from 35 fF to 7 {fF during
the transition of the LS output from “0” to “1”’. During this
transition, VA varies from 0.2 Vto 1.5 V. When IN = “1”’ the
operation of the LS is independent of the parasitic capacitance
of the low side of the LS. Therefore, the variation of C, and
Va in Fig. 10 (a) and Fig. 8 (a) are the same.

Fig 10 (b) illustrates the simulated C, and VA when IN
goes low. In this case, the input of the LS, which is using a
single transistor rather than the TnM, is ““1” and the single
transistor is turned on. Since V has reached its maximum
voltage after the previous step (IN = “1”°), it places MP2
and MP4 in their cutoff region. Therefore, C;, depends on
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FIGURE 10. Simulated Cp and voltage of V5 when a single transistor is
used instead of the TnM during the (a) rising (IN = “1”) and (b) the falling.

the parasitic of a single transistor and is independent of the
parasitic of MP2 and MP4. When Va becomes large, the
single transistor (i.e. MN2 in Fig. 1) is put in the saturation
region, significantly increasing the parasitic capacitance at
node A. At this time, C,, can be as high as 150 fF according to
the simulation (Fig. 10 (b)). When V4 decreases, the voltage
across the single transistor decreases, and consequently, the
single transistor goes into the triode region, which decreases
the parasitic capacitance at node A.

Then, when IN = “0” and Vp starts decreasing, Cp
decreases as shown in Fig. 10 (b). The value of C, varies
from 150 fF to 5 fF when V5 decreases from 2.4 Vto 1 V
for IN = “0”. Comparing Fig. 10 (b) with the Fig. 8 (b),
the equivalent parasitic capacitance at node A of the LS with
the single transistor is greater than with the TnM, due to
the generated contention in this node, which consequently
increases the PD. When the PD increases, the voltage of V5
reaches Vi1, showing that the variation of V4 (dVa/dt) is
slow.

The equivalent capacitance at node A is, therefore, large
(Cp = iMp4/(dV a/d1)), as shown in Fig. 10 (b).

Validating the operation of the proposed design against
mismatch and process corners is critical because the current
delivered to the TnM is closely related to Vsg and Vsp
of MP2 and MP4. MP2 and MP4 shown in Fig. 4(a) are
responsible for adjusting the current delivered to the TnM;
hence, they must be designed and implemented to be resilient
against process variations. The design is simulated for the
typical case corner using typical NMOS and PMOS transistor
parameters, Vppy = 3.0 V, VppL = 1.6 V, capacitive load
(CL) = 100 fF, and operating frequency of 1 MHz. The
simulation yields a value of the PD (average of rising and
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FIGURE 11. Evaluation of the proposed LS operation with a Monte-Carlo
simulation: (a) PD, (b) power consumption.

falling PD) of 7.86 ns for the proposed LS. A worst-case
simulation is performed to assess the effects of process
variations. In the AMS design kit, “worst power” (WP)
means ‘‘fast NMOS/fast PMOS” whereas, “worst speed”
(WS) means “slow NMOS/slow PMOS”. The WP and
WS represent the worst operating conditions due to process
variations. The simulated values of the PD for the WP and
WS cases are, respectively, 6.46 and 12.41 ns.

The WS case has the longest delay, while the WP yields
the shortest delay. A Monte—Carlo simulation is performed
for Vppu = 3 V, VppL = 1.6 V, capacitive load (CL) =
100 fF, and an operating frequency of 1 MHz to further
examine the influence of process variations on the operation
of the presented LS. The resulting PD and its log-normal
distribution exhibiting variance of 0.105, mean PD (mu)
of 7.92 ns, and standard deviation (sd) of 0.839 ns, are
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presented in Fig. 11 (a). The power consumption of the LS
is also assessed to validate the operation of the proposed
circuit against mismatch and process corners. The design is
simulated for the typical case corner using typical NMOS and
PMOS transistor parameters, Vppy = 3 V, VppL = 0.8 V,
capacitive load (Cp) = 100 fF, and an operating frequency
of 1 kHz. The simulation yields a total power consumption
of 1.89 nW for the proposed LS. A worst-case simulation
is performed to assess the effects of process variations on
power consumption. The simulated values of the power
consumption for the WP and WS cases are, respectively,
12.16 and 1.56 nW. A Monte-Carlo simulation is performed
for Vppa = 3.0 V, VppL = 0.8 V, capacitive load (Cp) =
100 fF, and an operating frequency of 1 kHz to further
examine the influence of process variations on the operation
of the proposed LS. The resulting power consumption and
its log-normal distribution of variance of 0.6, mean power
consumption (mu) of 2.72 nW, and standard deviation (sd)
of 1.63 nW are presented in Fig. 11 (b).

IV. EXPERIMENTAL RESULTS

Fig. 12 shows the test setup used to perform the experimental
validation of the fabricated LS circuit. As shown in the block
diagram of Fig. 12 (a), a capacitive load is used to perform
the measurement. A source measurement unit (SMU) with
a resolution of 10 fA (KEYSIGHT-B2911A) is utilized to
accurately measure the power consumption. Fig. 12 (b) shows
the test equipment and the fabricated chip under test mounted
on a custom printed circuit board (PCB). Fig. 12 (c) presents
the enlarged view of one 10-pF capacitive load for the test.
Fig. 12 (d) shows the screenshot of the oscilloscope and the
measured input and output waveforms of the fabricated LS
in parallel with amplitudes of 0.8V and 3.0 V, respectively.
Fig. 12 (e) shows the enlarged view of the wire-bonded
fabricated chip.

The presented LS circuit was fabricated in an AMS
0.35-um CMOS process. A photograph of the fabricated chip
prototype is shown in Fig. 13 (a). The fabricated LS occupies
an area of 25 x 25 um?. The performance of the fabricated LS
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FIGURE 13. Experimental performance: (a) Micrograph of the fabricated
LS in CMOS AMS 0.35 pm and partially enlarged view (area: 25 x
25 pm2), (b) Shmoo plot for operating frequency versus Vpp, .

is measured over a wide range of frequencies. The maximum
operating frequency of the circuit is shown for different input
signal amplitudes while Vppr, changes from 0.4 V to 2 V
and Vppy = 3 V. The proposed LS successfully works up
to 130 MHz (at Vppr, = 1.6 V) as shown in Fig. 13 (b), while
similar LS circuits are limited to 100 MHz, like in [37].
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FIGURE 14. Measured power consumption variation with used C; = 20pF: (a) Across frequency for different Vpp, , (b) Across frequency for
different Vppy, (c) for different Vpp, at Vppy = 3.0 V and a frequency of 1 kHz, and (d) for different Vppy at Vpp, = 0.8 V and a frequency of 1 kHz.

The total power consumption is another important param-
eter that must be considered. The measured power consump-
tion of the fabricated LS circuit is presented in Fig. 14 (a) as
a function of the frequency of the input pulse. Power
consumption is measured experimentally for input signal
amplitudes and Vppr, of 0.6, 0.7, 0.8, 1.0, 1.4, and 1.8 V,
a fixed Vppg = 3.0 V, and a capacitive load Cp = 20 pF.
The consumed power increases with the frequency of the
input pulse. Except for the input inverter, which is supplied by
VppL. the other parts of the proposed LS circuit are supplied
by Vppu, as shown in Fig. 4(a), and they consume the bulk
of the power. Vppr, is only connected to the input inverter
that consumes a negligible amount of power. Accordingly,
the measured power consumption shown in Fig. 14 (a) is
the result of the product of Vppy and the current drained
from Vppy measured by the SMU. Among the six measured
curves, the highest power consumption variation occurs when
the circuit converts the input signal with the lowest amplitude
into 3 V (from 0.6 V to 3 V). While the lowest power
consumption variation is obtained when the circuit converts
the input signal with the highest amplitude into 3 V (from
1.8 V to 3 V). The circuit needs more power to provide
a higher conversion gain. Since in all six measured curves
presented in Fig. 14 (a) Vppy is fixed, the variation of the
measured consumed power versus Vppr, are close to each
other.
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The variation in power as a function of the input frequency
over several values of Vppy (1.8, 2.0, 2.2, 2.4, 2.6, 2.8,
and 3 V) is shown in Fig. 14 (b). The results are obtained
for a fixed VppL and a capacitive load Cr, = 20 pF. In this set
of measured curves, the power consumption also increases
with the frequency. Here, the highest measured power occurs
at Vppg = 3 V while the lowest one is observed at
Vopyg = 1.8 V.

The measured consumed power variation of the LS circuit
is presented in Fig. 14 (c¢) for different values of Vppr, at
Vppu = 3.0 V, capacitive load Cr, = 20 pF, and an operating
frequency of 1 kHz. In this descending curve, when Vppr
increases (i.e. the amplitude of the input signal increases), the
implemented LS requires a lower amount of energy to convert
the input signal to a signal with an amplitude of 3 V, because
Vppu is fixed at 3 V. The total power consumption of the LS
circuit versus Vppy for a fixed Vppr, = 0.8 V, capacitive load
CL = 20 pF, and an operating frequency of 1 kHz, is shown in
Fig. 14 (d). The measured power consumption that is within
arange of a few nW, increases with Vppy.

The static power consumption (Ps) of the proposed LS
circuit is measured for different input signal values. The Pg
measured for these DC input values, without applying any
input pulse, is within a few pW. When the input of the LS is
connected to GND (“0”) or Vppr, (‘‘1”*), the measured Pg
are, respectively, 31.5 and 260 pW. The power consumption

VOLUME 10, 2022



M. Karimi et al.: 7.6-ns Delay Subthreshold LS Leveraging a Composite Transistor and a VCCS

IEEE Access

10000

1000

100

[
o

Total power consumption (nW)

[y

0.1 1 10 100 1000 10000 100000
CL(pF)

FIGURE 15. Measured power consumption versus capacitive load for a
1-kHz input pulse, V44, = 0.8V, and V4qy = 3.0V.

versus capacitive load (Cp) at 1 kHz pulse shaped input,
VppL = 0.8 V, and Vppy = 3 V is measured and presented
in Fig. 15. In this measurement, Cy, is changed from 0.1 pF
to 100 nF and the power is measured at each step. As Cp,
increases, the power consumption increases.

The PD of the LS circuit is measured for an input pulse
signal with a frequency of 1 MHz and a duty cycle of
50% while an inverter, integrated on the chip, is used as
a load. As shown in Fig. 16 (a), the LS shows a rising
PD of 4 ns and a falling PD of 11.2 ns (see Fig. 16 (b)).
Thus, the average PD of the proposed LS after a transition
is 7.6 ns.

Given that the PD is an essential parameter of any LS
circuit, Figs. 16 (c) and (d) are provided to show the variation
of the PD versus the voltage variation in Vppr and Vppy. The
rising and falling PDs versus Vppr, at a fixed Vppg =3 V,
and while using an integrated inverter as load, are presented
in Fig. 16 (c). The PD, especially the rising edge delay for
VppL < 0.8 V, is long because of the larger conversion
gain of the circuit when it is converting a low-amplitude
signal into a high-amplitude signal of 3 V. The measured
delay variation curve, especially the falling PD, is almost
flat for Vppr, > 0.8 V. The measured variations of the
rising and falling PDs versus Vppy at fixed VppL, = 1.6 V,
while an integrated inverter is used as load, are shown in
Fig. 16 (d). In this figure, the PD is measured when the
LS converts a pulse shaped signal with a 1.6 V amplitude
into 3 V. In Fig. 16 (d), the PD of the circuit is almost flat,
especially the rising PD, which shows that the circuit provides
good performance at lower conversion gain (converting
1.6 to 3 V).

Designing circuits to work in subthreshold is essential
for low-power budget applications, such as in biomedical
implants [40], [46], [47], [48]. The results in Fig. 17 show
that the operation of the circuit in subthreshold meets the
requirements of high-performance operation due to the TnM
and feedback network of the proposed LS (Fig. 4 (a)).
Fig. 17 presents the measured waveforms of the implemented
LS for an 80 mV and 50 kHz input pulse converted into a
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TABLE 2. Performance summary and comparison with other solutions.

References Range (V) CMOS Delay (ns)(@VooLi(V),  'Ec () (@Vopra(V),  Vopu(V)  2Ps(pW)  FoM1 FoM2 Res.
Process(nm) /n(MHZ2)) fu(MHz)) (V/ms)  (nW-ns)
[9], TVLSI’17 0.20-1.10 40 11.57 (@0.4, 1.0) 67.4f (@0.4, 1.0) 1.1 90.1 0.060 103 Sim.
[34], TVLSI’15 0.10-1.0 90 16.60 (@0.2, 1.0) 77.0f (@0.2, 1.0) 1.0 8700 0.048 51.1 Sim.
[35], TCAS-I'l7  0.33-1.80 180 29.0 (@0.4, 0.50) 61.5f (@0.4,0.500) 1.8 330 0.048 44.0 Meas.
[36],JSSC"21 0.32-1.20 14 8.30 (@0.5, 1.0) 0.1p (@0.8, 1.0) 1.2 --- 0.084 230 Meas.
[37],1SSC’12 0.40-3.0 350 15.0 (@0.8, 0.01) 5.8p (@0.4, 0.010) 3.0 230 0.146 30.9 Meas.
[38], TVLSI’'16 0.40-1.80 180 30.0 (0.4, 1.0) 150.0f (@0.4, 1.0) 1.8 300 0.026 222 Sim.
[47], Access’20 0.1-3.0 180-HV 14.37(@0.4, 1.0) 84.32p(@0.4, 1.0) 3.0 2760 0.180 21.43 Sim.
[48], Access’21 0.3-1.8 45nm 52.7(@0.3, 1.0) 34.6p(@0.3, 1.0) 1.8 --- 0.113 50.65 Sim.
This work 0.08-3.0 350 7.60 (@1.6, 1.0) 3.4p (@0.8, 0.001) 3.0 315 0.184 3.67 Meas.

'Ec: Energy consumption; *Ps: Static power consumption; FoM1=Range/delay.
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FIGURE 17. Measured waveforms of LS at 50 kHz input pulse with
amplitude of 80 mV into 3.0 V, while an integrated inverter is used.

3.0 V waveform. As can be seen, a clean 3 V pulse is extracted
at the output of the presented LS circuit from an ultra-low
amplitude input pulse. Therefore, the proposed LS provides
a convenient interface between a weak signal and a digital
processor.

V. DISCUSSION AND PERFORMANCE COMPARISON

The achieved experimental validation revealed that the
utilization of the TnM remarkably improves the performance
of the proposed LS. The TnM relies on the equivalent
parasitic capacitances of the MOSFET utilized in the LS
circuit. The feedback network prevents the LS circuit from
consuming a large amount of power during the transitions.
This minimizes the PD, enables operation in subthreshold,
and minimizes static and dynamic power consumption.
Table 2 summarizes and compares the performance of the
presented LS circuit to other solutions. The experimental
results show an improvement of approximately 8.5% of
the PD as compared to [36], which uses a current mirror-
based LS. In addition, the proposed circuit can successfully
convert a pulse signal over a wide range of conversion
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(0.08-3 V) and with an amplitude as small as 80 mV into 3 V
while working in subthreshold and consuming only 28 nW.
Moreover, the measured maximum operating frequency of
the fabricated circuit improved by 30% as compared to the
other solutions. The static and dynamic power consumption is
comparable with those of the recently published papers in this
field. A reasonable criterion in the performance evaluation
of a LS design is to measure the PD while the circuit is
working over a given conversion range. Indeed, a larger
conversion range results in longer PD. Therefore, a figure-
of-merit (FoM1) is recommended to assess the performance
of the PD over the conversion range. In our proposed LS,
the PD of 7.6 ns is measured while the LS was converting
a pulse with an amplitude of 1.6 V to a pulse with an
amplitude of 3 V. Thus, a FoM1 = (3.0-1.6)V/(7.6 ns) =
0.184 x 10 is achieved. With this FoMI1, a larger value is
the better. A second FoM?2 is defined to compare the different
LS designs together according to the trade-off between the
power consumption (Pc) and the PD (Delay). It is beneficial
that a LS achieves the lowest Pc for the shorter delay, while
converting Vppr as low as possible. Therefore, in the defined
FoM2, the VppL, Pc, and Delay appear at the numerator.
Thus, a LS providing a smaller FoOM2 would achieve a better
performance. To facilitate comparison, FoM?2 is normalized
according to the Vppy employed in each circuit. The product
of parameters Pc and Delay is divided by the square of Vppy.
The values of Pc and Delay published in the literature for
other systems were reported for comparison in Table 2 for
different values of Vppr. To draw a fair comparison using
this FoM, we normalized the values of Pc and Delay
according to Vppr. Then, FoM2 can be calculated as
follow:

FoM?2 — (Pc x Vppr1) . (Delay x Vppr2)

(16)

2

Vopu
As it can be seen in Table 2, our LS design has the lowest

FoM2 of 3.67, suggesting that our design outperforms other

solutions in terms of trade-off power consumption vs PD for

a given VppL.
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VI. CONCLUSION

A new high-performance LS circuit topology is presented
in this work. The presented current mirror-based structure
offers a wide-range and fast LS conversion. Our design can
convert subthreshold input signal levels to above-threshold
levels with minimum PDs, leveraging the dynamic equivalent
parasitic capacitance value of the TnM, which depends on
the value of the transient input signal IN. The operation of
the proposed circuit is efficient, especially in the case of
contention on high-impedance nodes, owing to the utilization
of a feedback network and a voltage controlled current
source (VCCS). An equivalent parasitic capacitance of three
interconnected n-type MOSFETs (TnM) circuit is used to
perform the level-shifting part of the LS in addition to
forming two discharge paths for a C, when IN = 70",
The advantageous effect of this TnM minimizes the PD
and dynamic power consumption. In addition, this approach
enhances the conversion range as compared to the other
mechanism. The measured performance of the test chip
fabricated in a 0.35 um AMS design process outperforms
other compared solutions. The discussion and the measured
performance of the presented LS illustrated the numerous
advantages of this solution, namely wide conversion range,
low power consumption, and short PD.
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