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Abstract—Current mode logic (CML) circuits have been widely
used in high-speed data transceivers. The lower-voltage-swing
makes the switching speed of CML much higher than the
static logic can achieve, so it is worthy to adopt the CML
circuits at the cost of higher power consumption in the high-
speed applications. In order to obtain a better power efficiency
(Frequency/power) in CML, it is critical to reduce the power
consumption while maintaining the high operating frequency.
This paper proposes an alternative approach by building the
CML circuits with tunneling-field-effect-transistor (Tunnel FETs
or TFETs) to achieve a high-throughput, low-voltage interface
circuit design. By taking advantage of its steep subthreshold slope
(less than 60 mV/dec), TFET exhibits the same on/off current
ratio at the input voltage swing interval much lower than that of
the MOSFETSs, which enables the supply voltage scaling in CML
circuits. For a design target data-rate (20 Gbps for multiplexer
and 50 Gbps for buffer), our simulations show that the proposed
TFET CML circuits are able to reduce the supply voltage from
0.6 V' in conventional Si FinFET CML circuits to as low as 0.3 V'
while using the same constant tail current. As a result, a power
consumption reduction of approximately 50% is achieved by the
proposed TFET CML circuits, making the TFET CML approach
a promising candidate for future low-power, high-performance
applications.

Index Terms—CML, high-frequency, low-power, low-voltage,
TFET.

I. INTRODUCTION

ITH the development of the emerging mobile sys-

tems, the communication speed, and correspondingly,
the bandwidth of communication interface circuits between
electronics devices, has been increasing rapidly. Meanwhile,
lowing the power consumption for higher power efficiency has
also become a key issue for those devices to extend the battery
life and support the system operation with comparatively
weaker power sources such as the RF power [1]-[4]. As a
result, developing devices and circuits to design such low-
power high-speed communication interfaces are intriguing for
future applications.

On the other hand, the low-power high-speed circuit inter-
face design is a challenging task. Static logic has been consid-
ered as a general approach for functional logic gates dealing
with the bit-wise parallel data. However, the limited bandwidth
of static logic circuits is not adequate for novel high-speed
serial link interfaces. The high-speed transmitters with Current
mode logic (CML) using BiCMOS and highelectron-mobility
transistor (HEMT) technologies have been reported (SiGe [5],
[6] and InP HEMT [7], [8] at speed of 50 Gbps and above).
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CML circuits with a smaller output swing have been adopted
for a faster switching speed at the expense of relatively higher
constant power consumption at low data rates.

For those CML circuits, the power consumption is deter-
mined by the constant-current and the supply voltage, which
is independent of the operation frequency. Therefore, the CML
is more competent in the high-speed applications than the
static logic. As the power-reduction of the CML circuits
cannot be achieved by decreasing the frequency, some works
have focused on reducing the gate counts [9], [10] as an
architecture-level low-power approach for CML. However, the
single-gate power consumptions of these works are still high
because those CML gates have to operate with a high supply
voltage. The challenge of the supply voltage reduction in CML
logic comes from reduced voltage difference between logic-
1 and logic-0, given the fact that the voltage level switch in
CML logic is not full-swing (from VDD to GND). Hence,
an aggressive scaling of the supply voltage will cause an
increasing failure rate in the circuit operation, which becomes
the main obstacle for power reduction of the CML logic.

In this work, we propose a low-voltage approach to reduce
the power consumption of CML by using the steep slope
tunneling field effect transistors (Tunnel FETs or TFETs).
Benefited from its sub — 60 mV/dec subthreshold swing,
TFET has shown its prominent energy efficiency advantages
for ultra-low power applications, especially at reduced supply
voltage of 0.3 V and below. Many works have explored
TFET-based applications, such as static logic [11], D-FF [12],
and SRAM [13]. TFET based analog/RF applications have
recently been explored by taking advantage of its unique
device characteristics such as the high transconductance to
current ratio (g,, / Ips), uni-directional operation, low voltage
operation, etc. [14]-[16], where the TFET-based CML hasn’t
been explored so far. By taking the advantages of its desired
low voltage operation characteristics, we highlight the perfor-
mance benefits of the TFET CML circuits under extremely
low biasing voltages to extend the application spaces of the
CML logic. The design aspects and operation analysis of
TFET CML circuits are presented compared with the baseline
Si FinFET CML circuits. The low-voltage CML design is
beneficial to explore the high-speed communication functions
of some advanced low-power technologies, such as low supply
voltage bio-electronic devices [17], or environmental power
harvesting devices [2]-[4].

In the rest of this paper, Section II introduces the charac-



teristics of CML and TFET, respectively. Section III describes
how the TFET characteristics benefit the CML operation as the
supply voltage is reduced. Section IV presents the simulation
results of the TFET CML compared with the baseline Si
FinFET designs, followed by the conclusion in Section V.

II. CURRENT MODE LOGIC AND TUNNEL FET
A. Current Mode Logic Characteristics

The major difference between the CML circuits and the
static logic circuits is that the CML has a voltage swing
smaller than the static logic, and thereby it has a shorter
switching time. The schematics of CML buffer and multiplexer
(MUX) are shown in Fig. 1, respectively. A CML logic circuit
is constructed by a constant current tail, several pairs of
transistors, and a pair of resistors. In a CML buffer, there
is only one pair of transistors, controlled by the differential
inputs. The resistors and NMOS’s are used to charge and
discharge the output node pair, OUTPUT. The logic of
OUTPUT is the inverse of that of INPUT, which controls
the on/off state of the transistor pair. The voltage level is equal
to the supply voltage (Vsyppry) when OUT PUT is logic-1,
but it’s not the ground-level when logic-0. The total constant
current (I) passes through one of the resistors, making the
voltage on the output node on that resistor drops to voltage of
logic-0 (Vp):

Vi—-Ww=RxIc. (1)

It is noted that the CML circuits consume approximately con-
stant amount of power (Vsyppry X I¢), and the consumption
is almost independent to the switching frequency of input
logic.

Vsuppry of a CML buffer is distributed onto the three
components the current pass through, which are one of the
resistors, one of the transistor pair, and the current tail.
Specifically, the current tail is usually implemented by a single
transistor operating in the saturation region, so the current
path would be considered as one resistor and two transistors.
Similarly, the current in a CML MUX is selected by the lower
transistor pair (Pair —3), and then be selected again by one of
the upper pairs (Pair — 1 or Pair — 2). Hence the Vsyppry
of a CML MUX is distributed onto four components, which
are one resistor and three transistors.

The bias conditions of the transistors’ drain-to-source (Vpg)
and gate-to-source (Vg) voltages are the key aspects in CML
circuit design. The Vg and the Vpg are strictly related
to the Vsyppry because of the voltage distribution as dis-
cussed above. In low-power design domain, there are several
limitations for the operation of transistors while Vsyppry
is reduced. First of all, the CMOS transistors can operate
properly when Vg, which is related to the output voltage
swing of the previous stage, is above the threshold voltage
(V). If the Vsyppry of a CML circuit becomes too low
for the voltage difference (V1 — V{)) to be distinguishable, the
succeeding stage circuits might have an indistinct input logic,
resulting in a small on/off current ratio. Secondly, reducing
the Vsyppry might also lower the Vpg of the current tail.
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Fig. 1. Schematics and voltage distributions of current mode logic (CML)
(a) buffer and (b) multiplexer (MUX) circuits.

Because the current tail should be operated in the saturation
region in order to maintain a constant current insensitive to
the glitch of Vpg, the aggressive reduction of Vsyppry is
detrimental to the CML operation. Moreover, the lower the
VsuppLy 1S, the lower Vg and Vpg the CMOS transistors
are operating with, and the more possibly the logic would fail
or slow down. Given this reason, the subthreshold or near-
threshold CMOS designs are not suitable in low-power CML
circuits.

Therefore, it is challenging to reduce the power consump-
tion in CMOS CML circuits using the Vsyppry scaling
technique.

B. Tunnel FET Modeling and Device Characteristics

TFET has emerged as a promising alternative device tech-
nology for various low power applications, benefiting for
its sub-60 mV/decade subthreshold slope (SS) [18]. III-
V material-based heterojunction TFET (HTFET) has further
improved tunneling current with the hetero-band alignment,
exhibiting a comparable on-state current with the subthreshold
MOSFET [19] with significant energy efficiency advantage.

As discussed in the Section II-A, to overcome the limitation
of decreasing Vsyppry of the CML circuits, a transistor
operates at a low supply voltage with high performance is
critical. Hence, we employ the GaSb-InAs HTFET in CML

I(State) is the state of the transistor, which might be turned on or off.
2Upper | or) are the states of the upper and lower transistors.
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Fig. 2. The current characteristics of different operating region for Si FinFET
and HTFET: Ipg vs. (a) Vgg and (b) Vpg.

0.5 1.0
- - - HTFET V,=0.1V - = - HTFET V,=0.1V
0.4|— HTFET V,=0.2v ] 0.8 — HTFETV,=0.2v
T - - - Si FinFET V,,=0.2V T - - - Si FinFET V,,=0.2V
3 g.3|——SiFInFETV, =04V | .- S. (.6 ||— Si FinFET v, =0.4v
e . o
— =
a 0.2 0.4
o> e
o © =
0.1 0.2
0.0 == 0.0
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
Ves V] Ves V]
(@) (b)
Fig. 3. The capacitance characteristics of different operating regions for

Si FInFET and HTFET: (a) Cgp and (b) Cg.

circuits, which is known as one of the most promising device
architectures to realize TFETs, to enable the further scaling the
Vsuppry. In this paper, we employ the 20 nm III-V HTFET
Verilog-A model [20] developed from the TCAD Sentaurus
device simulation [21] and calibrated by full-band accurate
atomistic simulations [22], which has already been applied in
previous works [15], [23], [24]

A 20 nm Si FinFET Verilog-A model [20] is used as our
baseline design for performance comparison.

Fig. 2(a) shows the Ipgs vs. Vgs and Ipgs ws. Vpg
characteristics of the modeled HTFET compared to 20 nm
Si FinFET. The interband tunneling induced carrier injection
mechanism leads to a sub-60 mV/decade SS in TFET. An
average sub-threshold slope of 30 mV/decade can be achieved
in HTFET at supply voltage Vps = 0.1 V and 0.2 V, where
its Ipg outperforms that of the Si FinFET at Vpg = 0.2V
and 0.4 V below 0.5 V Vgg. Besides the low voltage
operation, one of the most beneficial characteristic of HTFET
for CML circuits is the improved saturation characteristics
compared to Si FinFET, as shown in Fig. 2(b). Such charac-
teristic has been recently observed in measured TFET output
characteristics in reported literature [25]. In circuit simulation,
we carefully design the Vpg bias of the current tail transistor
to ensure the operation of TFET in saturation region to avoid
the variation of Vpg during switching.

IITI. PROPOSED CML CircuITS IN HTFET

Given the fact that HTFET can operate with lower Vg
and Vpg, in this section, we focus on the CML circuit design

using HTFETs to achieve low-power, high-speed operation.
To analyze the performances of CML circuits in CMOS
(Si FinFET is chosen as a comparable technology) and in
HTFET, the buffer and the MUX circuits in this section are
constructed with the same structures as shown in Fig. 1.

A. Voltage Analysis for CML Buffer

When the Vsyppry is lowered, the logic voltage swing
(V1 —Vy) would also be reduced because of the lowered voltage
distributions on each component of CML circuits. Fig. 1(a)
shows the ideal cases of voltage distributions of CML buffer in
stable status. The difference of input Vg, i.e. V1 —V}, must be
large enough so that the on- and off-current are distinguishable
to each other. In Fig. 2(a), the slope and corresponding current
of TFET at Vg = 0.15 V are similar to those of Si FinFET
at Vgs = 0.3V, 30 0.15 V is considered as the Vg of TFET
and is a proper bias voltage as the cross point (midpoint of
logic-1 and logic-0). In other words, the current sensitivity
to Vs is preserved when the HTFET is adopted in a bias
Vs interval with an input swing 0.1 ~ 0.2 V, compared
to the Si FinFET with 0.2 ~ 0.4 V. Therefore, the Vg in
on-state can be lowered to a half and the on-current is kept
the same. As a result, the proposed HTFET CML buffer can
operate correctly even when the Vgy ppry and voltage swing
are reduced to one half of those in FinFET.

Another design constraint of CML circuits is that the bottom
transistor, which is used as the constant current tail, should
provide a stable current that is insensitive to the variation of
Vbs. In the conventional CML circuit design, the current tail
FinFET transistor is biased at the saturation region so that the
current is less sensitive to Vpg. As shown in Fig. 2(b), the
Si FinFET shows a higher gps = A Ips / A Vpg in the
saturation region due to the short channel effect. HTFETSs, on
the other hand, exhibits a much lower gpg when the Vpg
increases to the saturation region compared to Si FinFETs as
discussed in Section II-B. Accordingly, the current tail in the
proposed HTFET model can provide a more stable current that
is insensitive to the variation of Vpg. In addition, the stable
tail current and the differential signalling make the output of
the CML circuits insensitive to peripheral noise.

B. Speed Analysis for CML Buffer

In CML circuits, the maximum operation frequency is
determined by the charging and discharging time of the load
capacitance. Figure 3 shows the capacitance characteristics
of Si FinFETs and HTFETs. The total parasitic capacitance
on the output node (Crpoap) is the sum of gate-to-drain
capacitance (Cgp) and gate capacitance (Cg) times the fanout
number N. The HTFET has a smaller or equivalent Cgp
and Cg in the bias region (0.1V ~ 0.2V) compared to
the Si FinFETs in the respective region (0.2V ~ 0.4V).
Moreover, because we use the similar /- for both Si FinFET
and proposed HTFET based designs, the proposed HTFET
CML circuit has a smaller charging time constant which is



proportional to the voltage swing,

R x Croap
= Rx (CGDJrNXCG). )

Tcharge

The discharging operation is through a different path, hence
the resistance of the transistors should be considered. Since the
bias condition Vpg varies with time, we use the equivalent R
for the transistor resistance in the discharging time estimation,

Rr//R x Croap
(Vps/lps)//R X (CgD ‘|‘N X Cg).(3)

Ideally, the source voltage (V) of the switching transistor pair
is assumed to be steady because only one of them is turned
on due to the differential input. The drain-to-source current
Ips of the switching transistor pair varies with time. For
simplicity, the current is assumed as the average Ipg, which is
comparable for both Si FinFET and HTFET based designs. As
mentioned in Section III-A, the TFET in the proposed CML
conducts the similar current at a much lower biasing voltage
than the FinFET in the conventional CML. Accordingly, the
proposed HTFET CML buffer can save power by reducing
Vsuppry, and it does not slow down the switching speed
compared to the Si FinFET CML buffer.

Tdischarge =

C. The CML Multiplexer

Compared to the CML buffer, the voltage distributions in
the CML MUX on every element are smaller, which imposes
further challenges at reduced Vsyppry. Figure 1(b) shows
that the additional voltage distribution on transistor Pair — 3
in the CML MUX. Compared to the CML buffer, at the same
voltage swing, the Vizg of Pair —1 or Pair — 2 transistors in
Fig. 1(b) would be smaller due to the increased voltage level
of source-nodes of these transistors. Therefore, at the same
VsupprLy, the voltage bias constraint of the CML MUX is
more restrictive than that of the CML buffer, especially when
Vsuppry is reduced.

As shown in Fig. 2(a), the subthreshold slope of the HTFET
is steeper than that of the Si FinFET when Vgg < 0.1 V. If the
bias Vg intervals are shifted left (because of the decreased
voltage distributions in CML MUX) for both proposed HTFET
and Si FinFET designs, the current Ipg for discharging of
TFET might decrease slightly more than the current of FinFET.
Consequently, the equivalent R of a proposed HTFET CML
MUX might be increased more than that of a Si FinFET
CML MUX. Fortunately, the ratio of Vpg to Ipg determines
the time constant based on Eq. 3, where the proposed CML
MUX has the smaller Vpg. If the voltage-current ratio for the
proposed MUX is kept the same to that for the conventional
MUX, then the operation speed would be similar for both
designs.

For the Si FinFET CML MUX, the Vs must be larger
than Vg (about 0.3 V' in this paper). According to Fig. 1(b),
there are two more voltage distributions for the Pair — 3
transistors and the current tail in addition to the Vg, so the
CML circuits are hard to operate with Vsyprry < 0.6 V. On

the contrary, the HTFET has an equivalent Vg (assuming the
equivalent Vg of the HTFET is at Ips = 10 uA/um) about
0.15 V, so the proposed CML circuits in HTFET is possible
to operate with a half Vsyppry (0.3 V). If the Vsyppry
of the proposed HTFET CML MUX is further lowered, the
Io would drop much faster than that of the conventional Si
FinFET design, therefore the time constants (the charging and
discharging time) of proposed HTFET CML MUX would be
increased significantly. As a result, the lowest Vsyppry for
the proposed HTFET CML circuits is 0.3 V.

In summary, the desired device operation of HTFET at
low bias voltages (Vs and Vpg) is benificial to lower the
Vsuppry of high-speed CML circuits. The similar current
of HTFET at a much smaller Vg is important when the
output swing is decreased. With a properly biased voltage, the
time constants of proposed HTFET CML circuits during the
discharging is less than or equal to those of the conventional
Si FinFET CML circuits, so the decreased Vsyppry would
not slow down the operating speed. As a result, the proposed
CML circuits in HTFET are capable to operate at the same
speed with a Vsyppry about 0.3 V.

IV. SIMULATION RESULTS

In this section, we present the simulation results of the
proposed HTFET CML buffer and CML MUX compared to
the Si FinFET designs, respectively. HTFET CML circuits
can operate with a much lower Vsyppry at a similar high
frequency compared to the conventional CMOS-based (Si Fin-
FET in this paper) CML circuits.

To achieve the equivalent operating frequency, the con-
ventional Si FinFET and proposed HTFET CML circuits
with their lowest possible voltage (0.6 V and 0.3 V) are
designed to have the similar /. However, the slope of I¢
to Vs is large in the both technologies, so it’s difficult
to have exactly the same I- for the conventional and pro-
posed models. Figure 4 shows the output eye diagrams of
the conventional Si FinFET and the proposed HTFET CML
circuits. As mentioned in Section III-C, the discharging time
of HTFET and Si FinFETI CML MUX may be similar when
having an equivalent ratio of Vpg to Ipg. In the simulations,
the output voltage swing (V3 — Vi) of the CML circuit is
kept the same ratio to the Vsyppry in each simulation, i.e.
(V1 — Vb) = o X VSUppLy, a = 04 ~ 0.5.
The comparisons of Si FinFET and proposed HTFET CML
gates are shown in Table I. The comparisons of operating
voltage and frequency for this work and related works are
shown in Fig. 5. In [5]-[8], peaking inductors are used to
enhance the bandwidth in addition to adopting the high-
electron-mobility technologies. In this work, the inductorless
design with reduced voltage swing can also achieve the high
speed, but with an extremely low voltage.

The power consumptions in different operating frequency
of CML buffer and MUX for both Si FinFET and proposed
HTFET designs are shown in Fig. 6. Although the power
consumption is the summary of static power and dynamic
power, the static power dominates the total power in CML
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model vs. proposed TFET model.

circuits. The dynamic power for charging and discharging
tend to cancel the majority of each other and become small
because the CML circuit structure is symmetric and the
INPUT and OUTPUT logic is differential. The proposed
HTFET CML circuits operate under Vsyppry = 0.3 V,
whereas the conventional Si FinFET CML circuits operate

TABLE I
COMPARISON OF CONVENTIONAL AND PROPOSED CML BUFFER AND

MUX GATES
Conventional CML Proposed CML
in FinFET in TFET
buffer MUX buffer MUX
Frequency 50 Gbps | 20 Gbps | 50 Gbps | 20 Gbps
VsuppPLY 0.6 V 0.6 V 0.3V 0.3V
Power per gate 306 nW 213 nW 159 nW 103 nW
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Fig. 5. The comparison of this work and related works in operating voltage
and frequency.

under Vsuyppry = 0.6 V. Therefore, the power consumption
of proposed HTFET CML buffer is as low as about 1/2 to
that of the conventional Si FinFET design when they are
working at their highest frequency, which is 50 Gbps in
this simulation. Similarly, the power consumption ratio of the
proposed HTFET to the conventional Si FinFET MUX is also
about 1/2 while working at 20 Gbps as shown in Fig. 6(b).
In summary, the proposed HTFET CML buffer and MUX
save 48% and 52% power consumption in the simulations,
respectively.

The experimental verification is currently not available due
to the infancy of the TFET process. Ongoing efforts are
being carried out to improve the fabrication process for future
experimental demonstrations of the TFET integrated chips.

V. CONCLUSION

In this paper, the high-speed CML circuits using heterojunc-
tion TFET are proposed to reduce power consumption. The
proposed HTFET CML buffer and MUX circuits employ the
conventional CMOS CML circuit designs with optimizations
of the bias conditions for performance improvement. Because
the HTFET have a much lower effective threshold voltage
(about 0.15 V) and also a steep subthreshold slope, the
proposed CML circuits are able to operate under a much lower
supply voltage compared to the baseline Si FinFET design
(with threshold voltage about 0.3 V). According to the voltage
and speed analyses in Section III, the proposed HTFET CML
circuits have a charging/discharging time constant less than or
equal to that of the conventional Si FinFET designs with the
proper design of the bias voltages, and therefore can operate
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with much lower power consumption without degrading the
speed. The simulation results in Section IV have shown that
the proposed HTFET CML circuits can operate with a supply
voltage as low as 0.3 V' at the same frequencies compared to
the conventional Si FinFET CML circuits (50 Gbps for the
buffer and 20 Gbps for the MUX). Meanwhile, the power
consumption reduction is about 50% (because the supply
voltage is reduced by half) when the HTFET is adopted in
the CML buffer and the MUX. The sequential CML circuits
(latches or flip-flops), which have more design constraints in
clock timing, are part of the prospective future works.
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