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Abstract—Most of the Field-Programmable Gate Arrays (FPGAs) are currently SRAM based. The conventional SRAM has been the primary
choice for memory storage in the Configurable Logic Blocks (CLBs) as well as for the configuration bits of the reconfigurable interconnects.
However SRAM based FPGAs are volatile and needs an external non-volatile memory to store the configuration data. Also SRAM leakage
currents increases as technology scales towards lower nodes. The use of non-volatile memories such as Spin-Transfer Torque (STT)-RAM helps
to overcome the drawbacks of SRAM-based FPGAs without significant speed penalty. In this paper we present the design of simple non-volatile
CLBs using STT-RAM technology. For verifying the design these CLBs have been programmed to implement various functions. The design has
been simulated and verified using cadence tools in CMOS 40nm technology.
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. INTRODUCTION

SRAM based FPGAs have been the predominant
technology over the last few decades. The advantage of
SRAM-based FPGAs is that vendors can leverage the benefit
of state of the art CMOS technology.[1] Nevertheless with the
technology nodes scaling towards sub-nanometer range, SRAM
has the disadvantage of high leakage currents which leads to
increased power dissipation in FPGAS.[2]

Also one of the major limitations in SRAM-based FPGA is
that these are volatile. The configuration data is lost when the
power is switched off. The configuration data has to be
reloaded every time the FPGA is switched-on. Thus there is
some latency in instantly switching on the FPGA. The other
limitation is that since the configuration data has to be stored in
separate non-volatile ROM, the data can be prone to theft.
Encrypting the configuration data leads to lot of overheads.

In this paper we demonstrate the realization of simple CLBs
and programmable interconnects using STT-RAM which can
be used for non-volatile FPGAs. The advantages of realizing
CLBs using STT-RAM are manifold. Firstly there are no
leakage currents in STT-RAM because the main element used
is Magnetic Tunnel Junction (MTJ) which is made of thin
ferro-magnetic films. These thin magnetic films have almost
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zero leakage currents. Secondly the static power dissipation is
reduced since the MTJs are non-volatile, the circuit can be kept
in idle state. Thirdly the configuration data need not be stored
in separate ROM and hence it provides data security. Fourthly
the FPGAs need not be configured every time they are
switched-on. This significantly reduces the latency and
provides instant-on like feature in FPGAs.

This paper is divided into five parts. Part 1 gives brief
introduction to STT-RAM technology. Part 2 describes the
basic non-volatile flip flop (NVFF) using which we realize
simple CLBs. Part 3 explains the circuit design of these non-
volatile CLBs (NVCLB) and interconnects. Part 4 shows the
simulation results of some example circuits that been realized
using these NVCLBs. Part 5 gives conclusion of our work.

Il. STT-RAM TECHNOLOGY

The STT-RAM is an emerging non-volatile memory that is
based on Spintronics. It has all the features of a universal
memory.[3]The advantages of this memory technology
compared to other technologies is shown in Fig. 1. The basic
element in STT-RAM is the MTJ which consists of two Ferro-
magnetic layers separated by MgO insulator.[4]



Flash Flash STT-
SRAM DRAM (NOR) | (NAND) FeRAM | MRAM PRAM RRAM MRAM
Non-volatile No No Yes Yes Yes Yes Yes Yes Yes
Cell Size [F*] | 50-120 610 10 5 1534 16-40 612 610 620
Read Time [ns] | 1-100 30 10 50 20-80 320 20-50 10-50 220
WritelErase |0 15 | tpsiims |ims/odms| 5050 320 | sz | 100 220
Time [ns]

Endurance 10" 10" 10° 10° 107 >10" 10 10° >10®
Write Power Low Low Very High | Very High Low High Low Low Low
Otheg POV\.’er Leakage | Refresh None None None None None None None

Consumption
High Voltage |, v cev | te20v | 24v v 159V | 15V | <tsv
Required
- Existing Products Prototypes

Figure 1. Comparison of different memory technologies.

When the magnetization of these two ferromagnetic layers
are parallel to each other, the MTJ is in low resistance state
(Rp) which can interpreted as logic ‘0’. On the other hand when
the two layers are antiparallel to each other, the MTJ is in high
resistance state (Rg) i.e. logic ‘1’. Fig. 2 shows the MTJ
structure. The resistance characteristics of the MTJ are shown
in Fig 3. The hysteresis curve shows that the two resistance
states are asymmetric, meaning that different magnitude
currents are required for switching between the two states. An
important parameter that is often used to measure these
resistance ratio is the Tunneling Magnetoresistance (TMR).
TMR is defined in equation (1)

Low resistance
state

High resistance
state

Free Layer

Fixed layer

Figure 2. MTJ structure showing Antiparallel (high resistance)
andParallel (low resistance) states.

TMR = 22280 (1)
Rp

A high value of TMR is beneficial to easily measure these
resistance change and also to design a sense amplifier with
good sensing margin. The other important parameters of the
MTJ device are:aspect ratio, resistance-area product (RA),
critical current (Ic) and switching probability (Psw).[5]
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Figure 3. MTJ resistance characteristics.

The aspect ratio of an MTJ device is the ratio of its longer
dimension to its shorter dimension. A typical ratio of 2:1 is
chosen to maintain the required thermal stability. RA represents
the resistance and area product of an MTJ device which is
determined by the material and structure of MTJ. The critical
current |, is the magnitude of switching current required to
switch the MT]J states. The critical current I; is proportional to
the physical area of MTJ device. Therefore as MTJ dimensions
become smaller | decreases accordingly. Thus STT-RAM
technology has the advantage for further scaling. Theoretically
the switching current is given by the equation (2).

o[- (D) o

Where t = write pulse width, I.= critical switching current,
Ico = critical switching current at OK, E= magnetization
stability barrier, To = write pulse width at 0K, K=Boltzmann
constant, T=operating temperature (K).

The MTJ switching probability Pg,gives an understanding
of the switching behavior of the device. The magnetization
direction switching of the free layer depends on the
magnetization stability energy barrier height. Table 1 gives the
MTJ parameters we use for simulation in our paper. The
compact model for MTJ simulation is provided in [6].This
device parameters mainly depend on the process and mask
design and the designers can change them to suit their
requirements. However the default shape of the MTJ surface is
circular (a=b).

Il.  DESIGN OF NON-VOLATILE FLIP FLOP

The basic element required to design a CLB is the memory
storage element or memory point. In this section we describe
the circuit design of a non-volatile flip flop (NVFF) using STT-
RAM. This NVFF can store one single bit of information. W.
Zhao et al. [7] has proposed a NVFF using MTJs which can be



used to store one bit of information. However in this

implementation the flip flop does not have a reset input.

Table I. MTJ parameters used for simulation.

Parameter Description Unit Default value (range)
Resistance area 2
RA product ohmpm 5 (5-15)
Tsl Thlcknelss of the free nm 13(08-2)
ayer
Length of surface
a (long axis) nm 40
Width of surface
b (short axis ) nm 40
Thickness of the oxide
Tox barrier nm 0.85(0.6-1.2)
TMR(0) with zero volt o o AONO,
TMR bais voltage 200% (50% - 600%)

We have augmented the design to include a reset input. The
schematic of this NVFF is shown in Fig. 4. This NVFF consists
of a sensing structure along with a bidirectional current source.
The sensing structure is used to read the state of the flip flop
and the bidirectional current source can be used to write logic
states into the NVFF. A reset input at the slave latch can be
used to asynchronously make the output Q=0.
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Figure 4. NVFF with reset input

The complete truth table of the NVFF is given in Table
I1.Note that ‘X” in the truth table indicates don’t care condition.
The simulation results of this NVFF with reset are shown in
Fig 5. We have obtained a read time of 80 ps. The total
propagation delay is around 540 ps. Therefore the maximum
operating frequency of this NVFF is about 1.8 GHz.

Table II. Truth Table of NVFF with reset.

State of MTJs _
Input | CLK | Reset Description
MTJ1 MTJ2
1 1 0 Ry Rap write ‘1°
0 1 0 Rap Ry write ‘0’
X 0 0 Ry Rap read ‘1’
X 0 0 Rap Rp Read ‘0’
X X 1 X X Output (Q=0)
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Figure 5. Simulation outputs of NVFF with reset.

I1l.  CIRCUIT DESIGN OF CLBS AND SWITCH MATRIX

The basic structure of an FPGA includes programmable
logic elements, programmable interconnects and Input-
output blocks (I0OB). In this section we present the circuit
design of STT-RAM based non-volatile CLBs and
programmable interconnect. An FPGA architecture where
CLBs are arranged in 2-D grid and interconnected by
programmable routing resources and 10Bs is shown in Fig

6.
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Figure 6. FPGA architecture.

A. Look-Up Table(LUT) Design

Memory points are essential component of LUTS. The
memory points are used to store logical values corresponding to
the truth table of the circuit to be realized. The LUTSs in our
design has been designed using the NVFF presented in the
previous section. This makes the LUT non-volatile and hence
can store data even when power is switched off. A truth table
can fully characterize the binary function. For example a 3-
input function needs an array of eight memory points inside the
LUT to store the complete truth table values, bit[0] to bit[7] as
shown in Fig 7.This LUT has three main inputs A, B, C. The
output Fo is any logical function of A, B, C. The three inputs
create an address between i=0 to 7 so that F, gets the bit[i]. A
3x8 decoder is required to select one memory location from
eight different locations.In Fig 7 the inputs ABC=100 (i=4)
selects bit[4] to be routed to the output. Table Il shows an
example of a 3-input NAND gate implementation using this
LUT.



Bit[0]
Bit[1]
Bit[2]
Fout

Bit[5]
Bit[6]
Bit[7]

Figure 7. LUT with 8 memory points

Table I11. 3-input NAND gate implementation in LUT.

Fout=(A & B & C)' | Values assigned to Bits

1 Bit[0

Bit[1

Bit[2]

Bit[3]

Bit[4]

Bit[5]

Bit[6]
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Bit[7]

Decoder design is an important part of the LUT design. A
decoder is required to select one bit among the available
memory bits. Conventional CMOS AND decoder requires two-
level NAND-NOT structure. This increases the number of
transistors, power consumption and delay. Pre-decoding
scheme reduces the gate count and also the number of stages
from input to output. Therefore pre-decoders are used in our
LUT design to reduce power. The results obtained are
compared in Table IV. Similarly a 4-input LUT requires a 4x16
decoder to select among the 16 different memory points.

Table IV. Power dissipation comparison of conventional and pre-decoding
scheme.

Decoder | Using NAND gates Using pre-decoding
3x8 340 nW 205 nW
4x16 447 nW 347 nW

B. CLB Design

The CLBs are the programmable elements inside the FPGA.
There exist numerous possible structures for design of CLBs. A
simple CLB consisting of a LUT, NVFF and some multiplexer
cells is shown in Fig 8.
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Figure 8. Simple CLB with LUTs, NVFF& Multiplexer cells.
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The two active elements are the LUT and the NVFF that
may work independently or can be combined together. Both
the active elements are designed using NVFF. Thus this
CLB design in completely non-volatile. This CLB has three
outputs. Out3 is the direct output from Fy.. The Fqcan also
serve as input data for the NVFF cell via a multiplexer
controlled by S1. The Outl can simply pass the signal DI in
which case the CLB is transparent. Outl can also pass
signal NQ (complemented) output of NVFF depending
upon the select line S2. Out 2 gives the registered output of
NVFF on clock edge. To allow serial programming we
chain all the memory points in the CLB. The bit that flows
at the far end of the register chain is defined at the first
cycle, while the closest bit is configured by the data bit
present at the last active clock edge. The configuring of the
CLB is achieved on active negative clock edges.

C. Switch Box and Connection Box Design

In an FPGA the routing resources consume most of the chip
area, and are responsible for most of the circuit delay.Therefore
the routing architecture is the most important factor in
determining system speed and the achievable logic
density.[1]Fig 8 shows the routing resources inside an FPGA. It
comprises segments of wires and two kinds of modules, Switch
Boxes (SB) and Connection Boxes (CB).
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Configurable = = (SB)
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sel={col=fsBl=lcolfSBllcgfsn
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Figure 8. Routing resources inside an FPGA.

The intersection of horizontal and vertical channels is
referred to as a Switch Box (SB); the Switch Box serves to
connect wire segments, and this requires using programmable
switches inside it. Connection Boxes are used to connect CLB
module pins to wire segments. Logic circuits are implemented
in an FPGA by partitioning logic into individual logic modules
and then interconnecting the modules by programming the
switches in switch and connection boxes. Fig 9 shows the
detailed routing architecture used in our design.
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Figure 9. Detailed routing architecture showing switch & connection box.

The fraction of wire segments in a channel which connect
to an input logic block pin is the input connection block
flexibility, Fg,. Similarly, the fraction of wire segments in a
channel which connect to an output logic block pin is the
output connection block flexibility, Fg.The number of
possible connections a wire segment can make to other wire
segments is the switch block flexibility, Fs. The routability of
common switch block styles, such as the Disjoint [8] and
Wilton [9] switch blocks is shown in Fig 10. In our design we
use the disjoint switch for switch boxand multiplexer as the
connection box. The realization of disjoint switch box using
STT-RAM is shown in Fig 11. A wire entering a disjoint
switch block can only connect to other wires with the same
numerical designation. Despite its limited routing flexibility the
disjoint switch has been used in a number of commercial
FPGAs including devices from the Xilinx
XC4000 family.

o

Figure 11. Realization of Disjoint switch box using STT-RAM.
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IV. SIMULATION RESULTS

This section shows the simulation results of the
implementations specified in previous section. All the
simulation are done in CMOS 40nm technology using cadence
tools. To verify the design of this STT-RAM based FPGA we
have programmed the CLBs to implement different circuits.
Two types of CLBs i.e 3-input and 4-input CLBs have been
designed We have taken a 2x2 and 3x3 matrix structure to
implement a 2-bit comparator and ripple carry adder (RCA)
respectively. The serial bit stream used to configure the CLBs
and the switch matrix for the above two examples were also
determined.

Fig 12 shows the 2x2 matrix structure which contains 4
CLBsand 9 switch boxes( S1 to S9). The serial bit stream used
to configure this 2x2 structure as a 2-bit comparator is given in
Fig 13.The simulation outputs are presented in Fig 14.

i EE[

‘ 1=
-L__ clBzs
IS
it
I
e
(=
:EJ
5

Figure 12. 2x2 matrlx structure.

BIT STREAM

CLB1 0000100011001110 (A>B)
CLB2 1000010000100001 (A=B)
CLB3 0111001100010000 (A<B)
CLB4 0000000000000000

SWITCH MATRIX 1 011010010010000010000010

SWITCH MATRIX 2 000000010000000000000000

010000000000001010011010

SWITCH MATRIX 3

SWITCH MATRIX 4 000000000010000000000000
SWITCH MATRIX 5 000000000000000000010000
SWITCH MATRIX 6 000000000000000000000000
SWITCH MATRIX 7 000000000000000000000000
SWITCH MATRIX 8 000000000000000100000000
SWITCH MATRIX 9 000000000000000000000000
SERTAL DATA 1 1110101111101011

SERTAL DATA 2 1110101111101011

Figure 13. Serial bit stream used to configure the 2x2 structure as 2-bit
comparator.
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Figure 14. Simulation outputs of 2-bit comparator.

Similarly Fig. 15shows another example of a 3x3 matrix
structure used to realize ripple carry adder (RCA). It contains 9
CLBs and 16 switch boxes. The corresponding serial bit stream
is given in Fig 16 and finally the simulation outputs are
presented in Fig 17.
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Figure 15. 3x3 matrix structure.
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CLE1

CLB 2

CLE 3

CLB 4

CLBS

CLE &

CLE7

CLEB

CLES

SWITCH MATRIX 1
SWITCH MATRIX 2
SWITCH MATRIX 3
SWITCH MATRIX 4
SWITCH MATRIX 5
SWITCH MATRIX &
SWITCH MATRIX 7
SWITCH MATRIX 8
SWITCH MATRIX 5
SWITCH MATRIX 10
SWITCH MATRIX 11
SWITCH MATRIX 12
SWITCH MATRIX 13
SWITCH MATRIX 14
SWITCH MATRIX 15
SWITCH MATRIX 16
SERIAL DATA 1
SERIAL DATA 2
SERIAL DATA 3
SERIAL DATA 4
SERIAL DATA 5

0001011100010111
0110100101102001
0001011100020111
©0110100101104001
0001011100010111
0110100101101001
D000000000000000
0110100101101001
0001011100010111
D00010001010001000000000
00010001000000000000000
100001000001000000000000
OO0000000000000000000000
D00010001010100000000000
D00011001000000000000000
100000000001000000000000

0010010000100100
0010100000101100
0010110000101000
0000000010001100
1000:110000000000

Figure 16. Serial bit stream used to configure the 3x3 structure as RCA.

This paper has presented the circuit design of simple CLBs
and programmable switch matrix for non-volatile FPGAs
using STT-RAM technology. Two circuits
comparator and ripple carry adder has been implemented
using the above designed non-volatile FPGA. The STT-
RAM technology provides a good alternative for designing

V.

CONCLUSIONS

non-volatile FPGAs in near future.
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