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Supplementary Figure 1. Memristor data matrix D C S

DataM    where D  is the number of identical 

fabricated memristor devices C  is the number of cycles and S  shows the number of memristor states. Here, 
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  are the mean and the variance value obtained from the matrix corresponding to each 

state.  For e.g., D

1Cs  is the memristors’ conductance data corresponding to thD  device and thC cycle. 

 

 

 

 

Supplementary Figure 2. Row-Select Encode circuit architecture for CMOS Encoder chip in Figure 1b of 

the main text. 

 



 

 

Supplementary Figure 3. Row-Select Decode circuit architecture for Memristor Decoder chip in Figure 1b 

of the main text. 

 

 

 

 

Supplementary Figure 4. Average power consumption plot for one hidden node implementing 9D Gaussian 

cell as shown in Figure 2a of the main text as a function of VDD and Vbias. 
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Supplementary Note 1: Memristor Data Matrix 

 

To incorporate both device to device and cycle to cycle variability, we include the statistical device 

variabilities  
26

k k 1


=
while training the algorithm. Supplementary Figure 1 shows the memristor data 

matrix D C S

DataM    where D  is the number of identical fabricated memristor devices C  is the 

number of cycles and S  shows the number of memristor states. Here,  
k

26
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mean k
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S ,
=
  are the 

mean and the variance value obtained from the matrix corresponding to each state.  For e.g., D

1Cs  is 

the memristors’ conductance data corresponding to thD  device and thC cycle. 

 

 

Supplementary Note 2: Row-Select Encode Circuit 

 

Supplementary Figure 2 shows the CMOS Row-Select Encode unit for the CMOS Encoder chip. 

The circuit consists of an array of analog multiplexers1 designed using transmission gates. Here,

1, , Lh h  denotes the output of L  hidden layer neurons and m  output (target) nodes. 0:Sel n  is 

the common select signals to this multiplexer network generated by timing and control unit (see 

Figure 1b of main text). Depending on the select signals, n  hidden node outputs from 1, , Lh h

are latched to 1, , nV V  With each change in select signal ( )0 :Sel n , the analog multiplexer 

array scans n  new hidden nodes outputs and latches it to 1, , nV V    This process continues till 

all the hidden nodes outputs are scanned out. 

 

 



 

Supplementary Note 3: Row-Select Decode Circuit 

 

Supplementary Figure 3 shows the CMOS Row-Select Decode unit for the Memristor Decoder 

chip. The circuit consists of CMOS pass transistor switches, charge based control switches with 

control inputs 1:iC n  , and a control and timing logic. Outputs from CMOS Encoder chip 

( )1, , nV V   are passed as inputs to CMOS pass transistors, which is then propagated to one of the 

control switches connected to a pass transistor row. Only one control signal 1:iC n  corresponding 

to each pass transistor output row is enabled with each select inputs 0:Sel n . Here, control and 

timing logic generates necessary control signals for CMOS pass transistor and the charge-based 

switches depending on the select signals 0:Sel n  from CMOS Encoder chip. Depending on the 

select signals, n  inputs are latched to memristor crossbar array. With each change in select signal

( )0 :Sel n , the row-select decoder scans new n  inputs and latches it to the memristor crossbar. 

This process continues till all the new inputs are scanned in. It can further be noted that the select 

inputs for Row-Select Encode of CMOS Encoder chip and Row-Select Decode of Memristor 

Decoder chip are in sync with each other and with the clock input in Memristor chip. 

 

Supplementary Note 4: Maximum Operating Frequency & Throughput 

 

Several high-end applications such as machine learning and edge computing require systems with 

high throughput to carry a vast number of computations at extremely high speed2-4. In general, 

throughput (in a digital context) is defined as the number of n-bit operations the system can perform 



 

in one second. By definition, the throughput in any genric system will depend on the time it takes to 

execute given computation per second. This time, in turn, depends on the speed at which the input 

and output can change and/or respond to this change. The rate of response further depends on the 

settling time of the circuit. The settling time depends on the designed architecture and the region in 

which the circuit is operated. It includes dead time, slew time, and the recovery time5. It is this 

settling time that decides the maximum operating frequency at which the MOS part of the system 

can operate (assuming all the operations are performed parallelly) and is be given by 
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Where maxf  is the maximum operating frequency, 
,settling riset  denotes the time required for the output 

to settle at either at a rising edge of the reference pulse/clock, 
,settling fallt  denotes the time required for 

the output to settle at either at a falling edge of the reference pulse/clock. It can be noted that since 

the designed gaussian circuit is symmetric, the time is taken at the rising and falling edge are 

assumed to be equal. Here, t  in (S.1) denotes the margin for the unexpected error that can arise 

due to parasitics and interconnect. It can safely be assumed to be between 5% of settling time. We 

obtained the post-layout settling time required to observe an stable change at the output of the MOS 

gaussian cell implemnted in Fig. 2(a) of the main text and was found to be  

9 706=settling Dt ns                     (2) 

 

To verify the above, we applied a pulse whose on time-period was equivalent to 
9settling Dt  at all the 9 

inputs in a 9D gaussian cell, and the corresponding settling response at the output was noted and 



 

compared with the expected result. For our case, we fixed the input feature map to 9 in an LRF-

ELM architecture. It can further be noted that as the number of cascaded gaussian blocks increases 

the effective time for the input to reach the output increases and hence the settling time increases. 

This happens because of the increase in equivalent parasitic capacitance of the system, which 

decreases the slew rate of the circuit and thus the settling time increases, hence the maximum 

operating frequency decreases. Using (1) and (2), the maximum operating frequency maxf  can be 

obtained as   
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Supplementary Note 5: Task Energy Efficiency 

 

Energy per operation and average power consumption are of paramount importance for edge 

devices where systems having constrained energy requirements. Maintaining low power along with 

high throughput is a challenge of the present era. Supplementary Figure 4 shows the average power 

consumption plot as a function of VDD for a fixe bias biasV  of 975 mV and as a function of biasV  for a 

fixed VDD of 1.8 V. It can be analyzed that as the bias voltage increases, the overall power 

consumption of the circuit increases. Hence, both VDD and biasV  plays a significant role in deciding 

systems energy efficiency. For a biasV  of 950 mV, power consumption of implemented gaussian cell 

was found to be 7.38 uW for a VDD of 1.5 V. This, when multiplied with the minimum time 

required by a node (here 9D gaussian) for executing a task gives task energy efficiency as 

max

1
avgEnergy p

f
=  7.38 741.3m=  n 5.47= pJ              (4) 
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