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Context

Real time control for distributed MEMS: heat equation in
one-dimension

Input

Output

FPGAcell_1 cell_2 cell_n...

u0

u1

u2

un

MEMS
cell_0

Goal: maximizing aquisition bandwith (10kHz to 1MHz) and
maintain linear scalability with respect to network size.
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Plan

1 Equations and Constraints

2 Analysis of the Problem

3 Implementation

4 Experimental Results
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Equations

Recurrence constraints

u0 u1 u2 u(0..N)

...

...

...

...

M

...

ψ(0, 2) ψ(1, 2)

ψ(1, 1) ψ(2, 1)

ψ(0, 0)

ψ(2, 3)

ψ(0, 1)

ψ(1, 3)

ψ(1, 0)

ψ(2, 2)

ψ(2, 0)

ξ3

ξ1

ξ2

ξ0

ψ(0, 3)
0

M

0

MMM M

NN
ψ

(Pu2)(3)

µ

• All values are of Complex type.

• αk, γk, βk and µk(xn) are preprocessed on a computer and
transmitted to the FPGA.

ψ(u)(xn+1, ξk) = αkψ(u)(xn, ξk) + βku(xn)

(Pu)(xn) =
MX

k=−M

(αkψ(u)(xn, ξk) + γku(xn))µk(xn)
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Hardware Constraints

Xilinx Spartan 3A:

• 100MHz clock,

• 200K gates,

• 16 block multipliers,

• 16 RAMs (16kB/RAM).
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Scaling and quantitization

• General Purpose Processor code use Floating point type.

• FPGA by default use Integer representation.

Preliminary study:

• Data: 9 bits.

• Results: 10 bits.

0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9

4.5
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x 10
-3

D.R. with 11 bits
D.R. with 12 bits
D.R. with 13 bits
D.R. with 14 bits
D.R. with 15 bits
D.R. with 16 bits
Exact solution

Comparison of accuracy comparison with respect to
quantization
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Possible implementation solutions

This is not exhaustive.

psi(0,1) psi(2,1) psi(3,1)psi(1,1)

psi(3,2)psi(0,2) psi(1,2) psi(2,2)

psi(1,0) psi(2,0) psi(3,1)psi(0,0)

psi(0,2) psi(1,2) psi(2,2) psi(3,2)

parallel

sequential

xi=0

xi=0

xi=1

...

xi=1

xi=2

psi(1,0) psi(2,0) psi(3,0)psi(0,0)

psi(0,0)

pipeline

psi(1,0)

psi(0,1) psi(1,1) psi(2,1)

psi(2,0)

psi(3,1)

psi(3,0)

xi=0

xi=1 psi(3,1)psi(2,1)psi(1,1)psi(0,1)

xi=2
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Sequential

psi(0,1) psi(2,1) psi(3,1)psi(1,1)

psi(0,0) psi(1,0) psi(2,0) psi(3,0)

t1_seq t2_seq t3_seq t4_seq t5_seq t6_seq t7_seqt0_seq

sequential

xi=0

xi=1

...

xi=n

...

t_psi

ttot = tpsi ∗M ∗N
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Parallel

psi(0,1)

psi(3,0)psi(2,0)psi(0,0)

psi(0,n) psi(2,n)psi(1,n)

psi(2,1)psi(1,1)

psi(1,0)

psi(3,1)

t1_par t2_par t3_par t4_part0_par

...

parallel

xi=0

xi=n

xi=1

psi(3,n)

t_psi

ttot = tpsi ∗M
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Pipeline

psi(2,0) psi(3,1)

psi(0,n) psi(1,n) psi(2,n) psi(3,n)

psi(1,0)

t2_pipet0_pipe t1_pipe t3_pipe t4_pipe

psi(2,1) psi(3,1)psi(1,1)psi(0,1)

psi(0,0)xi=0

pipeline

...

xi=n

... ... ... ...

xi=1

t_psi

ttot = tpsi + tclock ∗M ∗N
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Parallel

state2 state3 state4 state5

t9t4t3t2t1t0

m10
m11
m20
m21

state1

clock period

Pu computation

...

 = psi_r
 = alpha_r

 = psi_i m10
m11
m20
m21

m10
m11
m20
m21

 = beta_r
 = u_r

m10 = beta_i
m11 = u_i

m10,m11: mulitplier 1 inputs; r1 : multiplier 1 output

 = psi_i
 = alpha_r

 = psi_r
 = alpha_i

 = beta_i
 = u_r

m20 = beta_r
m21 = u_i

v_i = r2 v_i = v_i + r2 v_i = v_i + r2

v_i = v_i + r2

m20,m21: mulitplier 2 inputs; r2 : multiplier 2 output

 = alpha_i

v_r = r1 v_r = v_r − r1 v_r = v_r + r1

v_r = v_r − r1

Parallel processing implies:

• Distribution of 16 multipliers

• A �nite state machine

Implementation is split into two entities:

• The �rst manages the �nite state machine evolution and drive
RAM blocks

• The second manages assignment and computation by states.

⇒ Reduce logical dupplication.
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Parallel implementation
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Number of elements

M evolution for N=8
N evolution for M=4

Resource limits:

• N = 8 and M = 6 (85%)

• or N = 14 and M = 4 (76%)

Time consumption:
720ns (N = 4 and M = 8)
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Pipeline
t0 t1 t2 t3

X

X

X

X

X

X

X

X

pr*ai

pr*ar

pi*ai

ur*bi

ur*br

ui*bi

ui*br

alpha_re

psi_re

alpha_im

psi_im

u_re

beta_re

beta_im

u_im

+ pa_im

pa_re

ub_im

ub_re−

pi*ar

+

+

−

+

clock period

• Implementation not fully validated,

• Using RAM Blocks allows larger data encoding size. ⇒ gain in
computation precision.
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Time consumption estimation

for M = 4 and N = 8.

FPGA: 100 MHz, PC: 1.6 GHz.

• PC: ≈ 60000 ns

• FPGA:

• parallel: 720ns (Exp.)
• pipeline: 359ns (Part. Exp.)
• sequential: 1280ns (Theor.)

• Ratio: 83 to 167 fold
improvement,

• bandwith: 100Mb/s.
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Full task computation time for the

three solutions

Computation for a step (tpsi) needs 90ns for parallel implementation, and 40ns for

pipeline & sequential implementations
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Conclusion and perspectives

• Parallel solution implemented on FPGA. Time computation
reduction up to a factor 160.

• Pipeline solution is being validated.

• Today inputs are not from an real device.

• Next Step: embedding into a real physical system

• Extension for an application to arrays of AFM.
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