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Abstract: In floating gate compute-in-memory (CIM) chips, due to the gate equivalent capacitance of
the large-scale array and the parasitic capacitance of the long-distance transmission wire, it is difficult
to balance the switching speed and area of the word line driver circuit (WLDC). The difference among
multiple voltage domains required for floating gate CIM devices has also far exceeded the withstand
voltage range of a single transistor in the WLDC. This paper proposes a novel WLDC based on the
working principle of the CIM array. A multi-level pre-processing voltage control method is adopted
to carry out an optional hierarchical transmission of multiple high voltages, significantly reducing
the propagation delay. The proposed WLDC is based on the Wilson current mirror structure, which
substantially reduces the physical design area. The simulation results show that the circuit can
convert a 1.2 V low-voltage domain input signal with a frequency of 10 MHz into a high-voltage
domain output voltage, and the output voltage range of a single WLDC can reach −10 V to 10 V. With
a capacitive load within 5 pF, the transmission delay is less than 10 ns. The layout area is 594.88 µm2,
which is suitable for a large-scale CIM array.

Keywords: compute-in-memory (CIM); multiple voltage domains; word line driver circuit; Wilson
current mirror

1. Introduction

The rapid development of emerging digital technologies represented by artificial intel-
ligence, cloud computing, and the Internet of Things has put forward unprecedented high
requirements for data storage, transportation, and processing. Most modern computers
use the von Neumann architecture (the separation of memory and computing architecture),
which suffers from problems such as “memory wall” and “power consumption wall” [1]. In
recent years, with memory logic operations and vector-matrix multiplication [2,3] showing
optimization of time efficiency and power, the integration of compute-in-memory (CIM)
has come into being [4–6], helping to prolong the life of Moore’s Law and expand the
application field of neural networks [7].

To realize the memory and operation functions of the CIM array based on the floating
gate devices, the peripheral driver circuit of the CIM array needs to realize the trans-
mission, switching, and generation of various high voltages for word/bit/source lines.
Commonly used structures can be summarized into two types. One is where the level
shifter circuit [8–10] cooperates with the switching metal-oxide-semiconductor (MOS) to
realize high-voltage control and transmission [11]. Since the level shifter circuit cannot
directly generate high voltage, charge pumps are needed to realize the generation of various
high voltages. However, the level shifter circuit works in one voltage domain and can only
realize the mutual switching between one high voltage and ground (GND). The operating
voltage of the CIM array of floating gate devices includes positive high voltage (PHV),
negative high voltage (NHV), GND, floating and so on. Thus, the extensive use of level
shifter circuits and switch arrays will cause space constraints on the chip. In addition,
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with the advancement of technology, the gate-source and gate-drain withstand voltages
of complementary metal-oxide semiconductor (CMOS) devices continue to decline, and
the frequent switching of domains in positive and negative voltages in the switch array
reduces the reliability of the circuit. The other type is the selection and switching of multi-
ple voltages directly through digital-to-analog converters (DACs) [12] or decoders [13,14].
However, in order to expand the application scenarios of CIM chips, the scale of CIM arrays
continues to expand, and a large number of DACs have to be used, which is not conducive
to the development of CIM chips in the direction of high integration in the case of tight
on-chip area.

The driver circuit needs to provide the operating voltage of the CIM unit in the CIM ar-
ray so that the CIM unit can complete the processes of writing, reading and erasing [14–16].
As shown in Figure 1, the CIM array driver circuit can be divided into two critical modules
according to its function: high voltage control circuit and a charge pump [17]. According
to the characteristics of floating gate devices, high voltage is required to switch the work-
ing mode, and the driver circuit is used to control the port potential of the CIM array to
complete the memory and calculation of floating gate devices.
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Figure 1. The fundamental architecture of the compute-in-memory (CIM) array driver circuit.

In this work, we analyze the advantages and disadvantages of the two conventional
level shifter topologies and design a novel word line driver circuit (WLDC) based on the
Wilson current mirror combining the working principle of the CIM array. This design
separates the working mode and the working state and transmits multiple voltages in
stages, significantly reducing the transmission delay. In addition, using the clamping
principle of a single MOS transistor, the voltage drop of a single floating gate device
port in the WLDC is reduced to half of the original, which solves the problem of the
withstand voltage and high voltage switching of the WLDC and dramatically improves the
WLDC’s reliability.

The rest of the paper is organized as follows. Section 2 describes the proposed WLDC
for the CIM array in detail. Section 3 presents the simulation results and discussion. The
final conclusion is drawn in Section 4.

2. Proposed WLDC for CIM
2.1. Architecture of the CIM Array WLDC

According to the characteristics of floating gate devices and the requirements of
artificial intelligence algorithms, all the word lines (WLs) of the CIM array are in the
same operation mode when working, and each WL implements individual control and
switching. Figure 2 highlights the framework of the CIM array high-voltage driver circuit
based on floating gate devices where the WLDC part on the left consists of a shift register
module, charge pump, and WL driver circuits. The specific CIM array WL driving voltage
requirements are shown in Table 1.

In order to realize switching the WLDC between the multiple working modes and
multiple working states in Table 1, a multi-level pre-processing voltage control method
is proposed in this paper. According to the working principle of the floating gate CIM
array, the WLDC is set to three working stages: weight writing, convolution operation,
and weight erasing. First, in the weight writing stage, high-speed switching between
HVINPUT and HVGND is realized. Second, in the convolution operation stage, high-speed
switching between HVREAD and HVGND is realized. Third, in the weight-erasing stage,
high-speed switching between HVRESET and HVGND is realized. By using this method, a
20 V voltage difference between HVINPUT and HVRESET required by WL is decreased to
a 10 V voltage difference between HVINPUT and HVGND, the charging and discharging
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time of load capacitance and parasitic capacitance are reduced, and the transmission delay
of WL voltage is shortened effectively. The advantages of this design are that it avoids
excessive power consumption caused by repeated mode switching in the high-voltage
circuit, and the voltage transmission efficiency and stability are improved significantly.
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Table 1. Compute-in-memory (CIM) array word line voltage demands.

Operation Mode Operation State Signal Explanation

weight writing work HVINPUT weight input positive voltage
stop HVGND high-voltage gnd

convolution operation work HVREAD convolution operation positive voltage
stop HVGND high-voltage gnd

weight erasing work HVRESET weight erase negative voltage
stop HVGND high-voltage gnd

2.2. Conventional WLDC Based on Level Shifter

Conventional voltage level shifters can be categorized into two main types. Figure 3a
shows the topology of the differential cascade voltage switch(DCVS). The architecture of
the DCVS is based on a cross-coupled pull-up PMOSs (PM1 and PM2) and two NMOSs
(NM1 and NM2) driven by the complementary inputs IN and INB. When the voltage of
IN is high, NM1 and NM2 are On and Off, respectively. NM1 then pulls down node Q1,
causing PM2 to turn on. Because node Q2 then increases to VDDH, PM1 turns off, and OUT
decreases to the VSS. Note that the voltage of OUT is determined by the driver current
of the pull-up transistor PM2 and pull-down transistor NM2. If VDDH is much larger
than VDDL, the pull-down transistors NM1 and NM2 will become too weak to overcome
the strength of the pull-up transistors, making the output fail to flip. At this point, the



Electronics 2023, 12, 1185 4 of 12

size of the pull-down transistor can be increased, which in turn leads to increased power
dissipation, load capacitance, and area [18].
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Figure 3. Two main categories of conventional level shifters and traditional word line driver circuits.
(a) Differential cascade voltage switch; (b) Current mirror-based architecture; (c) Three different mode
circuits to transmit three operating voltages.

Figure 3b shows that the level shifter adopts a primary current mirror as a pull-up
network. This type of architecture has little competition between the pull-up and pull-down
nets and the circuit’s left and right branches. Therefore, the size of the pull-down network
is more relaxed while also operating relatively faster. So in this situation, it is usually
preferred to its DCVS counterparts in terms of circuit delay and area. However, it has a
reasonably large standby power, mainly due to the quiescent current flowing through one
of the circuit branches depending on the input state [19].

Figure 3c is the traditional WLDC evolved from Figure 3a, which consists of three
LSs, and each LS is used to transmit HVINPUT, HVRESET and HVREAD, respectively. It
requires too many MOS tubes, and the area occupied is too large, which is not conducive to
our high integration on the chip. It is worth noting that there is a fatal problem in the two
conventional level shifter circuits. The type of voltage transmission is single, and the kind
of voltage transmission can only be changed by changing VDDH, which cannot meet the
requirements of CIM arrays and cannot achieve voltage switching in the negative voltage
domain. Given the relative merits of the two architectures, this paper chooses the level
shifter circuit based on the current mirror structure as the research basis since it has the
two benefits of low area and low delay.
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2.3. Proposed NovelWLDC

To solve the problems of the traditional WLDC, we propose a novel area-efficient
WLDC. The simplified schematic of the proposed WLDC is shown in Figure 4. This design
is a hybrid structure composed of a Wilson current mirror level shifter (WCMLS), inverter,
and MOS switch. The number of MOS transistors used in the proposed design is half that
of the traditional WLDC. We integrate the transmission of three different voltages into one
circuit structure, which not only reduces the area, it is beneficial to the high-density layout
of the large-scale CIM array. At the same time, we reduce the number of control signals to
one, which avoids the tedious switching process and greatly improves the operability of
the circuit.
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The proposed WLDC based on the WCMLS can significantly reduce the power con-
sumption of the WLDC compared with the simple current mirror level shifter. Another
purpose of adopting WCMLS is that the area is much smaller than the level shifter of the
DCVS structure. The adopted technique alleviates the need for the length of NM1, NM2,
PM4, and PM5. This decreases the impact of the parasitic capacitance, thus improving the
power delay product. NM1, NM2, PM4, and PM5 can all take smaller width and length
values than DCVS. The proposed WLDC is designed for the 65 nm CMOS technology and
sized as reported in Table 2.

Table 2. Transistor sizes.

Transistor W/L (µm) Transistor W/L (µm)

PM1 0.7/1 NM1 2/0.6
PM2 0.7/0.65 NM2 2/0.6
PM3 0.7/0.65 NM3 0.7/0.6
PM4 1/0.65 NM4 0.7/0.6
PM5 1/0.65 NM5 0.7/0.6
PM6 2/0.65 NM6 2/0.6
PM7 10/0.65 NM7 8/0.6

The five high-voltage inputs of VPHV, VLV, VNHV, VINPUT_READ, and VRESET determine
whether the circuit is in the working phase of weight writing, convolution operation, or
weight erasing, then the input IN determines whether the working state of the word line is
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work or stop. The hierarchical control of the working mode and the working state of the
CIM array is adopted, the transmission process is optimized, and the switching speed of
the WL work and stop in the fixed working stage is greatly improved.

2.3.1. The Principle of Weight Writing and Convolution Operation

Table 3 presents every port voltmeter of the WLDC. At the stages of weight writing
and convolution operation, the control signals of the WLDC are as follows: VPHV is
the maximum of HVINPUT or HVREAD, VLV and VPHV are HVGND, VINPUT_READ is
HVINPUT or HVREAD, VRESET is HVGND. Meanwhile, the WLDC works in the HVGND
and positive high-voltage domains.

Table 3. Word line driver circuit port voltmeter.

VPHV VLV VNHV VINPUT_READ VRESET IN OUT

HVINPUT HVGND HVGND HVINPUT HVGND VDD HVINPUT
HVINPUT HVGND HVGND HVINPUT HVGND GND HVGND
HVINPUT HVGND HVGND HVREAD HVGND VDD HVREAD
HVINPUT HVGND HVGND HVREAD HVGND GND HVGND

VDD VDD HVRESET HVGND HVRESET VDD HVRESET
VDD VDD HVRESET HVGND HVRESET GND HVRESET

The schematic of the proposed WLDC, which works at the stages of weight writing
or convolution operation, is shown in Figure 5. For a rising transition at the input, the
operation of the circuit is as follows.
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Figure 5. The principle of positive high-voltage transmission.

At the initial moment, when the input is low, the voltages of nodes Q1 and Q2 are
high, whereas Q3 is low. NM1 and PM2 are on, while NM2, PM1, and PM3 are off. A rising
edge of the input turns NM2 on and turns NM1 off, causing the parasitic capacitance of
node Q2 to start discharging simultaneously. While the voltage of Q2 is coming down,
PM3 gradually turns on. Therefore, a transient current flows through the left branch and
pulls Q3 up. This current is mirrored to the right branch and causes contention between
the pull-up and pull-down currents in node Q2. However, by increasing the voltage of
Q3, PM1 gradually turns off and prohibits the static current from flowing through the left
branch. Node Q2 will discharge to GND without the current mirrored by the left branch.
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Because the gate of PM6 is connected to a negative VDD, the low voltage of node Q2 will
be transmitted to Q7 through PM6. When Q7 is GND, PM7 is turned on, and VINPUT or
VREAD is transmitted to the output terminal of WL. It should be noted here that PM7 and
NM7 need to be MOS transistors with a high threshold voltage so that the leakage current
and power consumption of the output node can be smaller.

Nevertheless, for a high-to-low transition, NM1 is on, and NM2 is off, pulling the
nodes Q1 and Q3 down. When the voltage at Q1 reaches VPHV-Vth, PM1 gradually opens,
allowing the static current to flow through PM1. This current is mirrored to the right branch
and increases the voltage of node Q2. By pulling up the voltage at node Q2, PM3 turns
off and does not allow the static current to flow through. Similarly, the voltage of Q2 will
be transmitted to the Q7 node through PM6. When Q7 is at a high voltage, NM7 will be
turned on, and VRESET will be transferred to the WL.

This circuit realizes the word line voltage conversion from GND-VDD to output
HVGND-HVINPUT or HVREAD. The gate voltage of NM6 is 2VDD, which avoids the
influence on the NMOS current mirror when the PMOS current mirror works.

2.3.2. The Principle of Weight Erasing

With the control signals illustrated in Table 2, at the stage of weight erasing, they
are as follows: VPHV and VLV are VDD, VNHV is HVRESET, VINPUT_READ is HVGND,
and VRESET is HVRESET. At present, the WLDC works in the HVGND and negative
high-voltage domains.

Figure 6 reveals the schematic of the proposed WLDC, which works at the stage of
weight erasing. For a rising transition at the input, the operation of the circuit is as follows.
At the initial moment when input is low, the voltage of nodes Q4 and Q5 are high, whereas
Q6 is low. PM5 and NM3 are on, while PM4, NM4, and NM5 are off. A rising edge of the
input turns PM4 on and turns PM5 off, causing the parasitic capacitance of nodes Q4 and
Q5 to start discharging simultaneously. When the voltage of Q5 reaches VNHV-Vth, NM4
will be turned on. In that case, a transient current flows through the left branch. This current
is mirrored to the right branch and pulls up the voltage of Q6, which gradually turns off
NM3 and prohibits the static current from flowing through the left branch. However, when
the gate of NM6 is connected to a positive 2VDD, the voltage of node Q4 will be transmitted
to Q7 through NM6. When Q7 is VDD, NM7 is turned on, and VRESET is transmitted to the
output terminal of WL.
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On the other hand, for a high-to-low transition, PM4 is off, and PM5 is on, pulling
node Q6 down. When the voltage at Q6 drops, NM3 gradually opens, allowing the static
current to flow through NM4, increasing the voltage of node Q4. This current is mirrored
to the right branch and causes contention between pull-up and pull-down currents in node
Q6. By increasing the voltage at nodes Q4 and Q5, NM3 turns off, causing the pull-up
current of NM5 to be unable to resist the pull-down current of PM5, thus discharging the
voltage of Q6 to VDD. Similarly, the voltage of Q4 will be transmitted to Q7 through NM6.
When Q7 is at a negative high voltage, NM7 will be turned on, and HVGND will be sent to
the WL.

This circuit realizes the word line voltage conversion from GND-VDD to output
HVGND-HVRESET. The gate voltage of PM6 is -VDD, which avoids the influence on the
PMOS current mirror when the NMOS current mirror works.

3. Results and Discussion

The proposed WLDC is designed with 65 nm CMOS technology where the VDD is
1.2 V, and the HVGND is 0 V. In the CIM array based on floating gate devices, the weight
writing voltage HVINPUT is 10 V, the convolution operation voltage HVREAD is 5 V, and
the weight erasing voltage HVRESET is −10 V. The results shown here are the post-layout
simulated results, performed for an input signal with a frequency of 10 MHz, a voltage of
1.2 V, and an input rise and fall time of 1ns with load capacitance considered as 1 pF at the
output of the proposed WLDC. The input and output simulation waveforms of the three
states are shown in Figure 7.
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In the case of various capacitive loads, the delay of three operating modes can be
controlled within 10 ns, as shown in Figure 8. It can be concluded that the WLDC designed
in this work has a low delay and a strong driving ability when driving a large load of pF
levels. The proposed WLDC can meet the high-speed switching requirements of the CIM
array word line.
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Although the WLDC we designed has improved the static power consumption since
the main structure is a current mirror LS, the static power consumption of the circuit
compared with the DCVS structure is unavoidable. Figure 9 shows the static power con-
sumption of the three operating modes under the tt/ff/ss process at different temperatures.
At the same time, the static power consumption is relatively higher at high temperatures
and at the ff process corner. Figure 10 presents the total power consumption of the three
operating modes under the tt/ff/ss process at different temperatures. At normal room
temperature, the static power consumption of the proposed WLDC is 102 pW, and the total
power consumption is 249 nW. We sacrificed some power consumption for the advantages
of area and speed, which is within our tolerance.
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Table 4 compares our proposed circuit with those previously reported. The WLDC
designed in this work has good symmetry. The PMOS current mirror is used in the positive
high-voltage domain, and the NMOS current mirror is used in the negative high-voltage
domain. Good matching can be achieved in the layout design stage by increasing the
reuse of n wells and p wells. Thus, the layout area can be saved. Therefore, the proposed
WLDC is suitable for large-scale CIM arrays. Although the Power-delay product (PDP)
is slightly larger than the paper [11], the proposed WLDC makes up for this by being
able to transmit both positive and negative voltages at high speed. The novel WLDC
consists of a standard 65 nm 5V CMOS process with deep n-well devices and measures
42.13 × 14.12 = 594.88 µm2.

Table 4. Summary of comparisons between this work and previously reported results.

Parameter [8] [9] [10] [11] [17] This Work

Input voltage (V) 0.2 1.8 3–8.5 0.3 1.8 1.2
Output voltage (V) 3 9.8–12.8 5.35–12.4 1.2 4.5–13.5 10/5/−10

Operating frequency (MHz) 1 1.25 10 1 10 10
Rise/Fall time (ns) 10.01 40–50 1.8 25 2.5–8 3.01/2.39/4.89
Output load (pF) - 15 - - 0.015 1
Static power (nW) 0.6 774 - 2.5 0.37 0.1
Total power (nW) 11,233 - 26,500 22.4 - 249

Power-delay product (nW.ns) 113,453 - 47,700 560 - 749.5
Layout area (µm2) * 651 2628 1043 469 960 595

Negative voltage support No No No No No Yes
Multi-voltages transmission No No Yes No Yes Yes

Process technology 45 nm 0.18 µm 0.18 µm 65 nm 0.11 µm 65 nm

* Layout area is the simulation result in a 65 nm process.

4. Conclusions

In this work, by analyzing the problems of the conventional WLDC and combining
the voltage requirements of the floating gate CIM array, we proposed a multi-level pre-
processing voltage control method that can effectively reduce the transmission delay. On
this basis, we designed a novel WLDC for the floating gate CIM array. Compared with the
traditional solution, we have reduced the area consumption by nearly half. The simulation
result indicated that the delay was less than 10 ns with a large load of pF levels. Meanwhile,
we used the clamp voltage divider structure to convert the 20 V voltage drop of the positive
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and negative voltage domains of the single device port to 10 V, solving the problems of
withstanding the voltage and high-voltage switching of the WLDC. The proposed novel
WLDC was designed with 65 nm CMOS technology and showed significant improvements
in transmission delay, static power, and area, making it a promising candidate for the
floating gate CIM array.
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