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Abstract

Al edge devices that rely on convolutional neural networks (CNNs) demand a
significant amount of computation. The conventional von Neumann computing
architecture suffers from considerable latency due to frequent data transfers between
memory and the CPU, resulting in a bottleneck that limits overall computing speed.

The concept of compute-in-memory (CIM) has been proposed to address this issue.

Resistive random-access memory (ReRAM) is commonly used in non-volatile
compute-in-memory (nvCIM) architectures. Implementing parallel analog multiply-
and-accumulate (MAC) operations directly within memory cell arrays can greatly
reduce latency and improve energy efficiency. This project focuses on the analog-to-
digital converter (ADC), a peripheral circuit in the CIM structure, which converts the

analog value generated by MAC operations into digital signals.

In this project, we first implemented a residue-shared ADC (RS-ADC) scheme
from reference research [1] with TSMC 65nm process technology. The RS-ADC
readout only 2-bits MSB information of the analog current value in each cycle, while
accumulating the remaining LSB information in voltage domain. This residue-shared

concept can reduce toggling rate for LSB digitization, enhancing energy efficiency.

During the implementation of the RS-ADC, we encountered a challenge: the RS-
ADC failed to sense correctly in voltage-mode when the input voltage was too low. To
solve this problem, we proposed a multi-bit-friendly voltage sense amplifier (multi-
bit-friendly VSA). This design incorporates both NMOS and PMOS input differential

pairs to ensure proper functionality across the full voltage range from 0 to VDD.

Experimental results show that the proposed multi-bit-friendly VSA reduces
sensing latency and sensing offset in Monte Carlo simulations, but at the cost of
higher power consumption. Nevertheless, it achieves up to a 6.46x improvement in

performance compared to the original VSA scheme.
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1. Introduction

1.1 Background

In Al edge computing applications involving convolutional neural networks
(CNNps), a large amount of multiply-and-accumulate (MAC) operations must be
processed. Under the traditional von Neumann architecture, data must first be fetched
from memory and then transferred to the CPU for computation. This results in
frequent data movement between the memory and CPU, which becomes a bottleneck

to improving computational speed.

The concept of non-volatile compute-in-memory (nvCIM) has been proposed to
overcome this von Neumann bottleneck. Implementing parallel analog multiply-and-
accumulate (MAC) operations directly within memory cell arrays can greatly reduce
latency and improve energy efficiency. In addition, its non-volatile nature allows data
to be retained during power-off states, while also reducing standby power and wake-

up latency.

Resistive random-access memory (ReRAM) is a type of non-volatile memory.
This project focuses on its two readout modes: current-mode and voltage-mode.
Current-mode readout offers high accuracy but also incurs higher power consumption
due to the DC current generated within the memory cell array. In contrast, voltage-
mode readout consumes less power, but its accuracy in multi-bit readout is limited by

the supply voltage (VDD) headroom.

Research [2] proposed hybrid-mode sense amplifier (HMSA), combining pros
of two sensing mode. Which sensing 2-bits MSB by current-mode to ensure accuracy,
and sensing 3-bits LSB by voltage-mode to reduce energy consumption. However,
this computing flow must sense 5-bits in each cycle, which means HMSA needs to
toggle 5 times and reset to its initial state after each toggling. We can see that energy
consumption is large due to multi-bit readout. Hence, research [1] based on previous
work, proposed residue-shared ADC (RS-ADC) scheme, which stack 3-bits LSB
information in voltage-domain through a capacitor over multiple cycles, then

eliminates LSB readout toggling times to reduce the overall sensing power.



1.2 Motivation and Purpose
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Fig. 1 Original RS-ADC structure and its challenges

When implementing the RS-ADC scheme in [1], We found the following
challenges: 1) The use of HMSA includes lots of switch, causing a complex switching
control and unexpected coupling effect; and 2) The RS-ADC failed to sense correctly
in voltage-mode when the input voltage dropped below approximately 400 mV. This
issue occurred when the corresponding MAC value was too small, causing the voltage
to fall into the small-voltage region, as shown in Fig. 1.

To solve these problems, we modified the RS-ADC structure by replacing the
HMSA with two separate SA: a current-sense amplifier (CSA) and a voltage-sense
amplifier (VSA). Moreover, we also proposed a multi-bit-friendly VSA that can
operate correctly under VDD/2.



2. Research Methodology

2.1 High Level Architecture and Workflow

Fig. 2 shows our modified 5-bits RS-ADC structure in this project, comprising I-
to-V converter and Residue-shared sensing two part. I-to-V converter part contains
SW1-SW6, an Iisg current-mirror pair (PO/P1), an Imss current-mirror pair (P2/P3), an
ImsB generator, an integration capacitor (Crsg) for LSB accumulation. Residue-
shared sensing part contains a CSA, a multi-bit-friendly VSA, a voltage subtract

controller, and other control circuits.
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Fig. 2 Modified RS-ADC structure and workflow

The overall work flow can be divided into four phases. Phasel (Phl) involves
CSA current-mode sensing, yielding 2-bits MSB output (DOUT[4:3]). Phase2 (Ph2)
involves I-to-V converter, which first generates Ir.sg (ILss = Imac — Imsg), then
converts I s into voltage-domain (Visg) and stack into Crsg to do voltage

accumulation across multiple cycles. Phase3 (Ph3) involves 1-bit sensing to prevent
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overflow due to voltage accumulation. Phase4 (Ph4) involves VSA voltage-mode
sensing, yielding 3-bits LSB output (DOUT][2:0]) when END signal is activated;
otherwise if END=0, it will skip Ph4 and return to Phl.

The following will first introduce more details about modified RS-ADC structure
and operation, which the different is that we replace original HMSA with a single
CSA and a proposed VSA. Note that with this modification, we can avoid complex
switching control. The last part of this chapter will introduce proposed multi-bit-
friendly VSA. Note that this can operate correctly under VDD/2 and increase

accuracy during multi-bits sensing.

2.2 Residue-shared ADC operation

To simulate current-mode ReRAM compute-in-memory, we set the ratio of
Rurs:Rirs = 1:10. The corresponding current will be Inrs=10uA and ILrs=100uA,
which represent 0 and 1, respectively. Since we assume 32 wordline (WL) activated in
each cycle, after doing multiply-and-accumulate (MAC) operation by compute-in-
memory, the Imac is range from 320uA to 3110uA, which represent MAC value

(MACYV) from 0 to 31. Inform that ideal current is set to simulate Imac in this project.

In Ph1, SW1 is on and Imac flow into CSA to sensing 2-bits MSB. We used
current-mode sensing by conventional latch-type CSA, ensuring the accuracy of 2-bits
MSB. Note that 2-bits MSB are read out every cycle and store in D flip-flop (DFF) as
DOUT][4:3] since they are the most important part in a MAC value.

In Ph2, SW1 is off and SW2/SW6 is on to activate the I-to-V converter scheme.
The Imss generator will generate Imsp according to DOUT([4:3] from Phl. The
corresponding current Ivsg is the source of node SUB and Imac from ReRAM array is
the sink, alternatively. Hence, node SUB will occur current subtraction, generating
ILss = ImsB — Imac. The current of I sp is coped by current-mirror pair PO/P1 and the
analog MACV.sg is stacked in Crsg by charge accumulation, representing 3-bits

Visg[3:0] in voltage domain.

In Ph3, 1-bit detection of the Visp is deduct by VSA to prevent overflow during
voltage accumulation across multiple cycles. If it found out that Visg is over VDD/2,
an enable signal SUBEgn will be activated. Then voltage subtract controller will control
SW3-SWS5 to execute voltage subtraction via DC coupling by switching the voltage
source of the Crsg. For example, if SW3 is suddenly off and SW4 is on, the voltage
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source of Crsp is change from VDD to VDD/2, causing a coupling effect
(AV=—VDD/2) to VisB, complete the voltage subtraction.

However, we can only operate coupling effect twice since there are only three
voltage sources: VDD, VDD/2, and GND. After the last coupling effect, the SUBgn

will not execute voltage subtraction but generate END signal and move on to Ph4.

In Ph4, the END signal will determine whether to sensing remain 3-bits LSB
information store in voltage-domain (Visg) by VSA, and store in DOUT][2:0]. The
END signal becomes active when two coupling effect completed. The END signal
generator can be implemented by a DFF, whose data line is connected to SW5 control
signal and is triggered by SUBEn. After 3-bits LSB sensing, a group of accumulation
is completed and output logic generate a partial MAC value (pMACV).

2.3 Proposed multi-bit-friendly VSA

When performing LSB multi-bit sensing, 4-bits information (MACVO0-
MACV15) are represented in the voltage domain, requiring VDD to be divided into
16 levels for readout. When the MACYV is too small (Small-voltage region showed in
Fig. 3), the corresponding voltage may fall below the threshold voltage (Vi) of
NMOS, making it hard to turn on the input differential pair. Hence, we proposed a

multi-bit-friendly VSA that can sense correctly in the small-voltage region.
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Fig. 3 Proposed multi-bit-friendly VSA scheme and waveform

The proposed multi-bit-friendly VSA is illustrated in Fig. 3, which is optimized
based on conventional latch-type VSA in research [3]. It comprises a cross-couple
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latch (P1/N1 and P2/N2), two precharge PMOS (P3, P4), a discharge NMOS (N7),
and a basic input differential pair (N3A, N4A). The new part of the multi-bit-friendly
VSA comprises an additional differential pair (N3B, N4B), an enable PMOS (P5),
two charging PMOS (P6, P7), and two initial NMOS (N5, N6).

The central idea of the proposed multi-bit-friendly VSA is to connect the input
voltages Viss and Vrer to both NMOS and PMOS transistors, ensuring that the VSA
can function properly across the entire voltage range from 0 to VDD. When operate in
the small-voltage region, the input differential pair N3A/N4A fails to function
properly (Visg, Vrer are below Vi, of NMOS), but PMOS charging pair P7/P8 still
work. The voltage difference in 1% stage (AVis= Viss-Vrer) cause the charging speed
difference of Vg3 and Vg4, which are the input voltage of differential pair N3B and
N4B, respectively. The voltage difference in 2" stage (AVans= Va3-Vaa) then cause
the voltage difference between Q and QB, then cross-couple latch provides positive

feedback to amplify this small difference and complete the sensing process.

In summary, when the input voltage is too low to turn on the NMOS differential
pair, an additional PMOS differential pair can be used alternatively. In this way,

proper operation across the entire input voltage ranges from 0 to VDD can be ensured.



3. Experimental Results

3.1 Multi-bit-friendly VSA Performance
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Fig. 4 Performance comparison of different VSA types
Fig. 4 shows the three types of VSA compare with sensing time, offset, power.
The offset is defined as the minimum voltage difference between Visg & Vrer with
99.9% yield in 1024 Monte Carlo simulations. The last picture illustrates FoM within
the voltage range from 0 to VDD, which is defined as fallow:

1
sensing time (ps) X power (uW) xof fset (mV)

FoM =

Note that FoM is bigger the better.

As noted previously, there is an issue when the VSA operates in the low-voltage
region (approximately 0 to 400 mV). Both the conventional latch-type VSA and the
HMSA fail to sense correctly in this region (As you can see, the sensing time
increases dramatically as the operating voltage decreases, eventually leading to

sensing error), which is indicated by a cross mark in Fig. 4.

Only proposed multi-bit-friendly VSA can operate correctly in this region with
the help of additional PMOS charging pair (P6, P7) mentioned before. Although this

comes at the cost of higher power consumption, the resulting FoM of multi-bit-
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friendly VSA is best across the entire voltage range from 0 to VDD.

3.2 RS-ADC operation waveform
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Fig. 5 Illustrative computation of the RS-ADC over four cycles.

Fig. 5 shows the waveform of RS-ADC over four computing cycles. In this case,
we assume that MAC values of 5, 14, 15, and 23 are sequentially input over four

cycles.

The MACYV in Cyclel is 5 and the 2-bits MSB readout “00” in binary form
during Ph1l. The value for LSB is calculated as: 5 - 0 X 8 = 5. This residue is then
stored in Vs during Ph2.

The MACYV in Cycle2 is 14 and the 2-bits MSB readout “01” in binary form.
The residue value for LSB is calculated as: 14 - 1 X 8 = 6. This value is added to the
previous Visg, resulting the value 11. During Ph3, 1-bit sensing detects that the value
exceeds 8 (i.e., the voltage surpasses VDD/2), which triggers the SUBEgn signal and
coupling effect occurs. After subtraction, the value becomes 11 — 8 = 3, which is
highlighted in red.

The MACYV in Cycle3 is 15 and the 2-bits MSB readout “01” in binary form.
The residue value for LSB is calculated as: 15 - 1 X 8 = 7. This value is added to the
previous Visg, resulting the value 10. SUBgn is trigged by 2" time, yielding a value
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of 10-8=2.

The MACYV in Cycle4 is 23 and the 2-bits MSB readout “10” in binary form.
The residue value for LSB is calculated as: 23 - 2 X 8 = 7. This value is added to the
previous Visg, resulting the value 9. Since two coupling effect are done, the END

signal is activated, resulting in Ph4 LSB sensing and output the value 9 in binary
form: “1001”. The final pMACYV is computed as follow:

MSB readout: O+1+1+2)x8
Viss 1-bit detect: (1 +1) X8
LSB readout: 9

The resulting p MACV=(0+1+1+2)x 8+ (1 +1)x 8+ 9=57, which equals the
sum of four input MAC values =5 + 14 + 15 + 23 = 57. Note that with residue-shared

operation, the total toggling rate can be reduced during multi-bit sensing.

4. Conclusion

In this project, we have successfully implemented the residue-shared ADC (RS-
ADC), which aims for lower toggling rate and energy consumption. With our
optimized, the proposed multi-bit-friendly VSA ensure the sensing functionality even
operate with small voltage. It also shortens the latency and sensing offset at the cost of
higher power consumption. Nevertheless, the FoM shows an improvement of up to
6.46x compared to the original VSA scheme.
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