
   

CTT-based Non-Volatile Deep Neural Network 

Accelerator Design 

Abstract— CMOS-compatible Charge-Trap Transistor (CTT) has 

empowered Non-Volatile Memory (NVM) and Compute-in-

Memory (CiM) applications using its threshold voltage (VTH) 

programmability. In the paper, we characterized the threshold 

voltage tuning behavior of CTTs and built the simulation model 

based on silicon data in 28nm CMOS technology. With the 

established model, we discussed the design methodology and 

performance evaluation of non-volatile Deep Neural Network 

(DNN) accelerators. This paper also summarizes the previous 

work that CTT is used as an analog multiplier for a DNN 

accelerator. Then, as a new proof-of-concept design, a CTT-based 

CiM structure was proposed with normal NVM and computing 

two operation modes. 

Index Terms— Charge-Trap Transistor (CTT), Non-Volatile 

Memory (NVM), Deep Neural Network (DNN) accelerator, 

Compute-in-Memory (CiM) 

I. INTRODUCTION 

Machine learning inference using Deep Neural Networks 
(DNNs) has provided unprecedented capabilities in various 
artificial intelligence applications. However, one of the 
dominant problems that limit its pervasive deployment is that 
neural networks require great computational energy and 
throughput resources which are insufficient in modern 
computing platforms. Compute-in-Memory (CiM) has been 
proven to have the potential for 10x benefits in both metrics 
because it greatly reduces the communication cost between 
storage and processor. Recently, Charge-Trap Transistor (CTT) 
device has been expected to be a new memory device for CiM 
which was proven as Non-Volatile Memory (NVM) device in [1] 
using its threshold voltage (VTH) programmability. 

In the paper, we characterized the threshold voltage tuning 
behavior of CTTs and built the simulation model based on 
silicon data in 28nm CMOS technology. With the established 
model, a CTT-based CiM structure was proposed with normal 
NVM and computing modes. The 784-by-784 CTT-based non-
volatile DNN accelerator developed in the previous work [2] 
was also summarized and discussed. 

II. CTT BASICS 

CTT devices are standard NMOS devices, which are fully 
logic-CMOS-compatible without adding any process 
complexity or masks. As is widely used in flash memory design, 
VTH of CTT devices can be changed by charge trapping 
operation and modulated by the amount of charge trapped in 
their gate dielectric. The CTT device’s threshold voltage can be 
increased by applying several positive pulses at its gate. 

Similarly, a few negative pulses fed into the device gate will 
reduce VTH.  

III. SILICON MEASUREMENT AND MODELING 

A. Measurement Setup 

A test chip is fabricated in 28nm CMOS technology to 

characterize the charge trapping and de-trapping behavior and 

the programmable VTH. Isolated NMOS devices  (thin-oxide, 

W/L 600nm/28nm, and thick-oxide, W/L 1um/150nm) were 

tested and VG vs. VD curves were achieved. VDD is set at 0.9V 

for thin-oxide devices, and 1.8V for thick-oxide devices. The 

positive programming pulse voltage VG and negative pulse 

voltage -V’
G are 1.3V and -1.1V for thin-oxide devices and 2.5V 

and -2.1V for thick-oxide devices. Programming time TP stands 

for the total period of the complete pulse sequences.  

B. Device Model 

 
Fig. 1 plots the dynamic behavior of threshold voltage 

changes (∆VTH) vs. programming time (TP) in three phases, INI 

(Initial trapping), DeTRP (Program for de-trapping), and TRP 

(Program for trapping). In the process of repeating the DeTRP 

and TRP phases, the maximal achieved ∆VTH settles at around 

150mV and 50mV for thick-oxide devices and thin-oxide 

devices, respectively.  

CTTs were then modeled by replacing the constant VTH in 

the well-known NMOS transistor current-voltage equation with 

tunable VTH (TP), given by: 
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Fig. 1.  Threshold voltage changes (∆VTH) in three phases: 1.INI (Initial 

trapping); 2. DeTRP (Program for de-trapping); 3. TRP (Program for trapping) 



   

where VTH (TP) is the threshold voltage modulated by the 

programming time TP, whose empirical relationship is defined 

by the following equations with R-square value larger than  

96%, given by Equation  (2) and (3): 
𝑉𝑇𝐻_𝑡ℎ𝑖𝑛 =

{
𝑉𝑇𝐻0 + 54.91𝑒0.0437𝑇𝑝 − 4.167𝑒−2.263𝑇𝑝 , 𝑇𝑅𝑃(𝑇𝑝 < 150𝑚𝑠) 

 𝑉𝑇𝐻0 + 3.682𝑒−2.467𝑇𝑝 + 7.956𝑒0.1514𝑇𝑝 , 𝐷𝑒𝑇𝑅𝑃(150𝑚𝑠 < 𝑇𝑝 < 300𝑚𝑠)
         

(2) 
𝑉𝑇𝐻_𝑡ℎ𝑖𝑐𝑘 =

{
𝑉𝑇𝐻0 + 126.6𝑒0.1093𝑇𝑝 − 7.955𝑒−2.235𝑇𝑝 , 𝑇𝑅𝑃(𝑇𝑝 < 150𝑚𝑠)  

 𝑉𝑇𝐻0 + 27.31𝑒−1.562𝑇𝑝 + 3.525𝑒0.6713𝑇𝑝 , 𝐷𝑒𝑇𝑅𝑃(150𝑚𝑠 < 𝑇𝑝 < 300𝑚𝑠) 
     

(3) 

where VTH0 is the initial threshold voltage before the INI phase. 

This model is then used for further simulations. 

IV. NON-VOLATILE DEEP NEURAL NETWORK 

ACCELERATOR DESIGN  

A. An Analog Neural Network Computing Engine using  CTT 

 

In [2], we proposed a CTT-based array architecture for an 
efficient fully-connected layer computation. As shown in Fig. 2 
(b), a CTT (NRi,j) is a synapse, connecting one input data Xi to 
one output result Yj. The device NRi,j stores the synaptic weight 
(Wi,j) through threshold voltages VT. The multiplication 
operation Wi,j⸱Xi is operated in triode region. The drain-source 
current IDS of the device approximates a linear function of the 
product of VDS and VT as Equation (4) shows:  
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The summation operation is accomplished by a resistor Rrow 
collecting all the drain-source currents from the synapses in the 
row. 

B. CTT-Based CiM structure 

As shown in Fig. 4, a CTT-based CiM structure is proposed 
in this paper, which has two operation modes: normal NVM 
mode and computing mode. 

The basic programming principle of the memory cell follows 
[1]. However, to maximize the storage density, the proposed 
architecture uses a single CTT device to store one bit. During 
writing, the selected BIT CELL’s gate is applied positive pulses. 
The voltage difference between drain and source programs the 
cell’s VTH to low or high. As shown in Fig. 4 (a), by controlling 
the number of pulses on gate, REF CELL’s threshold voltage is 

programmed to be in the middle of thresholds for logic 1 and 
logic 0. 

 

 

For normal NVM read, as shown in Fig. 4 (b), due to the VTH 

difference between BIT CELL and REF CELL, the logic 1 or 0 
can be output by a sense amplifier (SA). For computing mode 
read, by giving different voltages on WLs, drain-source currents 
(IDS) of BIT CELLs with different weight (VTH) will be different. 
Multiplication of 1-bit input with 1-bit weight is implemented as 
shown in Fig. 4 (c). The cell current of the same BL is 
accumulated to realize the addition operation. The accumulated 
current of one BL (IBL) is transformed to voltage though the 
resistor, which is output by an analog-to-digital converter 
(ADC).  
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(a)                                                          (b) 

Fig. 2.  (a) Fully-connected neural array; (b) CTT multiplication array (Op-

amp buffers are not shown) 

 

Fig. 3. CTT-based CiM structure with normal NVM and computing two 
operation modes 

 

Fig. 4.(a) Write conditions; (b) Normal mode read; (c) Computing mode read. 


