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Power-to-speed ratio

Analog-Assisted Digital 10°
6
Digital 0
Flexibility; 104
Fast implementation of complex algorithms. s
g 102 F ]
A/D — D/A needed; c
Speed and power bottlenecks. 0 s :
40nJd 2 pJ
|
102 1
Analog @
No A/D — D/A and no quantization error; 1074 Lol il i

10° 10% 10° 102 10" 10° 10" 102 10%® 10* 10° 10°

Computational speed; Throughput [Gbps]

Energy efficiency.

Digital solutions
Effort to introduce adaptivity/scalability;

Noise. i " ot Low-power microprocessors;
oise, linearity, process variation; _
Layout challenges. @ Top-10 Green500 — June 2015;

@ Top-10 Top500 — June 2015.

Analog solution
Py = 35 mW; Throughput = 16 Gbps.

*Throughput calculation for an equalization:
10 Iterations, 8 Operations per iteration, 1 Clock per operation.
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The Equalizer Example

Reliable

communication

Equalization

Improve the performance in
frequency selective channels.

Vector-valued
transmission model

Analyze all the different types of
interference present in the system.

Complexity Near-optimum, iterative schemes.
Analog VLSI No need for input quantization;
technology Soft-exchange of information.

Recurrent neural
networks

Highly interconnected;
Nonlinear, computationally complex.

Devices
nonlinearities

Profit from low-pass transfer function.
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Vector-Valued Transmission Model

x (k) x(k) x(k)
: > Equalizer >
: A
SRC — TX —>| Channel —> RX ——¢
: 7
N Chann_el
Estimation
Noise
Discrete Discrete
time Continuous time time
ne (k)
x (k) x(k) x(k)
— R(k) VE —>
Discrete-Time Vector Equalizer

Channel Matrix

SNK
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Vector-Valued Transmission Model

x(k)

n.(k)

%(k) 2 (k)

— 5 R(k) VE |—>

Discrete-Time Vector Equalizer
Channel Matrix

X=R-x+n,,

X=R;-x+ Rgyz-x + n, )
. N —— ", s -
signal interference  additive noise

R = R, + R\g

] —~ ——
diagonal elements  non-diagonal elements

Valid model for linear
modulation schemes as well
as multiple access methods.

Discrete-time channel matrix:
whole link path between
transmitted and received
symbols.

Communication link described
by R (more details are not
needed).
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Recurrent Neural Networks

Continuous-time RNN

du(t)
Vg = —u(t)+W- -v(t)+Wq-e,

v(t) = lu(®)],
D(t) = HD[v(1)].

Legend

« t:time variable;

« N: number of neurons (vector lengths);
* ¢@(+): activation function (tanh(-));

« u(t); inner state vector;

« v(t): output of the activation function;
« 9(t): hard decision output vector;

« e(t): external input vector;

- y:diagonal matrix (y;; = 7; = f[R;, Gi]);
« W: channel matrix weights’ choice;
«  W,: external inputs weights’ choice.

Resistance-capacitance model

Current-

summing

L

v Va(t)

+

junction

Current-

summing

|
|
|
1 Va(t)
O
|

|

|

|

0 V(0)

junction

Current-
summing
junction

o]

Wn(t) Vn(t)
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Time Domain Equalization

How the VE reaches stability, given a
sequence of input vectors.

» e': scaled external input vector;
» RST: reset signal (acts as a sequencer);
» u': scaled inner state vector.

d BER = f[R, Eb/No, te, tRST];
*  te:equalization time slot;
*  trgr: resettime slot.

* [ temin trsTmin]: Statistical optimization
for best performance.

RST
High

Low

A

1:RST

A
\/

~'\"'1&""""7"

|
:
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Output of the Vector Equalizer

>,
)
S
=
S
O
=
(|

time [tau]
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Time Domain Equalization

« Pseudo-random sequence (40 bits BPSK); X
* 1;=06Vi#j; Ep/Ny=9dB; =P R
s T=42ps; te=10-1;, trgT=5"'T.

=(

lw

v

HD

-1+1+1-1 +1+1-1-1 | -1+1-1+1 -1-1-1+1 | +1+1+1+1 | +1+1+1+1 | -1-1-1+1 | -1-1+1-1 | -1-1-1+1 | -1+1-1-1




Slide 13 Advanced Low Power, High Speed Nonlinear Signal Processing | Giuseppe Oliveri | 08/10/2015 | Erlangen

Time Domain Equalization

« Pseudo-random sequence (40 bits BPSK); X
* 1;=06Vi#j; Ep/Ny=9dB; =P R
s T=42ps; te=10-1;, trgT=5"'T.

=(

lm

HD

v

-1+1+1-1 +1+1-1-1 | -1+1-1+1 -1-1-1+1 | +1+1+1+1 | +1+1+1+1 | -1-1-1+1 | -1-1+1-1 | -1-1-1+1 | -1+1-1-1

Inputs to the vector equalizer

0.8

0.6—

0.4—

0.2

00— —

Diff. Inputs [V]

0.2—

04—

L= o o

time [ns]
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Time Domain Equalization

« Pseudo-random sequence (40 bits BPSK); X
* 1;=06Vi#j; Ep/Ny=9dB; =P R
s T=42ps; te=10-1;, trgT=5"'T.

lm

x

-1+1+1-1 +1+1-1-1 | -1+1-1+1 -1-1-1+1 | +1+1+1+1 | +1+1+1+1 | -1-1-1+1 | -1-1+1-1 | -1-1-1+1 | -1+1-1-1

Inputs to the vector equalizer Outputs of the vector equalizer

0.8

0.6—

0.4—

0.2

00— —

Diff. Inputs [V]
Diff. Qutputs [V]

0.2—

04—

QST T e e e

time [ns] time [ns]
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Time Domain Equalization

« Pseudo-random sequence (40 bits BPSK); X X X
* 15 =06,Vi#j E,/No = 9 dB; == R E’—}El—}
s T=42ps; te=10-1;, trgT=5"'T.
-1+1+1-1 | +1+1-1-1 | -1+1-1+1 | -1-1-1+1 | +1+1+21+1 | +1+1+1+1 | -1-1-1+1 | -1-1+1-1 | -1-1-1+1 | -1+1-1-1
Inputs to the vector equalizer Outputs of the vector equalizer
0.8
E 0.4— %
_2: 0.0 — §
5 1 5
0.2—
08 T [T T T T NEABANERRNSRARE T ]

time [ns]

Recovered data stream after hard decision

oo

rY o 00000000

o

rY

time [ns]

Digital stream
o
11 1 ‘ | I

(LT

il

'
-
o —¢

\
5

T
10

[T
15

Samples
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BER Surfaces and Curves

Moderate Interference

1 +0.60 +0.60 +0.60
_|[+0.60 1 +0.60 +0.60
m —14+0.60 +0.60 1 +0.60

+0.60 +0.60 +0.60 1

te,min =3.671
tRST,min =133T
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BER Surfaces and Curves

Moderate Interference

1 +0.60 +0.60 +0.60
_|[+0.60 1 +0.60 +0.60
m —14+0.60 +0.60 1 +0.60

+0.60 +0.60 +0.60 1

BER

te,min =3.671
tRST,min =133T

Throughput: ~19 Gbps

—A— Algorithm

—~— Circuit
Max Likelihood

10-4 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9

Eb/N0 [dB]
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BER Surfaces and Curves

High Interference

1 +0.85 +0.66 —0.67

R, = +0.85 1 +0.85 -0.79

= +0.66 +0.85 1 —0.89
-0.67 —-0.79 -0.89 1

temin = 4t

tRSTmin = 2 T
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BER Surfaces and Curves

High Interference

1 +0.85 +0.66
R, = |[T085 1  +085
=h = ||+0.66 +085 1
~0.67 —0.79 —0.89

temin = 4t
tRSTmin =2 T

Throughput: ~16 Gbps

—0.67
—-0.79
—0.89

—A— Algorithm

—~7— Circuit
Max Likelihood

2 4 6

8 10 12 14 16 18
E,/N, [dB]
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. Ve Currents
Schematic ? o 15 toother
eveefuccfran IEUTONS
Transistor-level hardware implementation: . ‘f* *1’
* 0.25 uym IHP SiGe BiCMOS technology. RST 345678
? Diff. Amp
Seq 3 1 2
Novelty: 11—~ _2
 No A/D Converters for external inputs; .\ Buffer
* No external capacitors; uj o< E 1 2 .
« Sequencer: NMOS FETs. \\_| |_\ - T { Neuron 3
u: H H
C ~d) |  Output
IJ'+ \ I 1 2 =0
[ iV,
L % vl_'!' L %
ji,w
L
\ % lzlji,w \”
_ Gi| 4 5
o— Gilbert Cell o3 . 5 o— Gilbert Cell
N O B Al i T
Y Iji Iji Y Y .

Currents from other neurons
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. Ve Currents
Schematic 5 S 1E toother
e e IEUMONS
Legend: CYYYLYLY
* wu; :inner state of the jt" neuron; RST 345678
* e :external input applied to the jt" neuron; ? Diff. Amp
*  Gj; : weight configuration (from output of i*" Seq 3 1 2
to input of jt* neuron). 1—_2
. E Buffer
u i $=— 1 2 o
Fully-differential circuit: \_| |_\ o S { Neuron
. I;= 1;{ - I; Liw = IjJ{,w — I w; I-+ C ~ ‘J_[ T -‘\‘.Ou;putj.:
L=IF—17; I, =IF—I iy I
], j . j I_ O, O+ 0_’ & J Y Py
YT Y g ¢ g, g YiF v
ji,w
L
Scaling: 7 llji,w 7
o [U(),V(t),e )] =S"[ult),v(t),e(t)]. Gji 4 5
o— Gilbert Cell o3 . 5 o— Gilbert Cell
du' () , , o e I | et |_ ............................
Y —g = w@OQ+W- v +Wo-e, Y Y ji Y I G .
T R hattts TN R
v'(t) =S a-tanh <ﬁ+()> Currents from other neurons
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Schematic

Attenuator and Gilbert cell:
Wji = f[G]l] € [—1,+1],
L (t) = wj; - 1; (0).

Vee Currents
Y lo |$ to other
)., neurons
RST 345678
? Diff. Amp
> 3 12
1—~_2
Buffer
uj 1 2 o
\_| |_‘ u -1 2 i Neuron 3
c T~y i Output
® J Vv .
\\ 4 P |+ 1
JLw
4
Y ‘I’IJLW J
; Gji 4 5
o—| Gilbert Cell o3 ) , o cGilbert cel
N PO SRR, S s o
N A IJl IJl Y .Y 0

Currents from other neurons



Slide 24

Attenuator:
le' = f[G]l] € [—1,+1]
Gilbert cell:

Lijw () = wyi - [; (2)
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Schematic

Attenuator and Gilbert cell:
Wji = f[G]l] € [—1,+1],
Lii v (£) = wj; - I;; (T).

Summation nodes:

N
L;(t) = Z wj;+ 1 (t)
=

i#j

Vee Currents
Y lo |$ to other
e} nEUTONS
RST 345678
? Diff. Amp
> 3 12
1—~_2
Buffer
uj 1 2 o
\_| |_‘ u -1 2 i Neuron 3
c T~y i Output
£ IR .
Y |+ v
JLw
4
\\ 4 \I’IJLW J
; Gji 4 5
o—| Gilbert Cell o3 ) , ol cGilbert cel
N O e R i e
N A IJl IJl Y .Y 0

Currents from other neurons
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. Ve Currents
Schematic o 1t toother
eveefuccfran IEUTONS
Attenuator and Gilbert cell: \f Y \i/ 1/
wji = f|Ge] € [-1,+1]; RST 3456 78
Lii v (£) = wj; - I;; (T). ? Diff. Amp
Summation nodes: Seq 3 1 2
N 11—~ _2
Buffer
Ij (t) = Z 4T Iji(t) U+
=1 J 1< 1 2 ~—0 ",
i+] \_| |_\ 1 2 i Neuron 3
Inner state: * C RN — % Output /
i - “—0 .
dul(t) , N , j if il
T () =R Z:W” Li(®) +¢ v \aM v
t=1 ji,w
i#j e
v \I/Iji,W 7
. Gj| 4 5 _
o— Gilbert Cell o3 . 5 o— Gilbert Cell
B e e el
Y Iji Iji Y Y .

Currents from other neurons
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. Ve Currents
Schematic ? o Io  toother
O I L S
Attenuator and Gilbert cell: \f Y \i/ 1/
wj; = f|G] € [-1,+1]; RST 345678
Liiw () = wy; - I; (B). ? Diff. Amp
Summation nodes: e @ 1 2
N 1~ __2
Buffer
I.(t :Z L (t
0= 2, b ® i L= e,
i%j S - : Neuron :
Inner state: J €| |_\ Yi | L 2 i Output /
du' () | N 'j+ 7 I 1 2 “e—0
) u] _ ' _ . Z . , & J v LI
T dt = uj(t) R . Wji I]l(t) + ej J \./|+ ¥
=1 ji,w
i#j e
Sequencer and buffers Iz
Y JI’W \'4
_ Gi| 4 5
o— Gilbert Cell o3 . 5 o— Gilbert Cell
Lo L)L
g iy A

Currents from other neurons
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Sequencer
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: V Currents
Schematic o 5 15 to other
et o S
Attenuator and Gilbert cell: \f Y \i/ 1/
wy = f|Gji| € [-1,+1]; RST 3456 78
Summation nodes: e 1 2
N 1~ __2
Buffer
=1 \\ B “_‘
zij \_| |_\ o S i Neuron ;
Inner state: C N I ;, Output /
du(t) d iy I 1 2 “0
. uj — ] _ Z . I} ‘ J 7
T dt = uj(t) R . Wji I]l(t) + ej A \./|+ J
t=1 JLW
i#j ®
Sequencer and buffers I
JLW 7
. . . G;; 4 5
Differential pairs: , o Gilbertcell | 53 o Gilbert Cell
() = — . tanh (2 —F
O="w—on"™avw) [ [ T
............................ s |_
X i Y A |

Currents from other neurons
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Current from j** neuron, directed
the i*" neuron:

I,(t) = e - tanh (uj (t))

“(N-1)
= I;;(¢t)

Z'Vt

Inverting the indexes, the feedback

current [;;(t) to the j* neuron,

coming from the i*® neuron can be Differential pairs
found.
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Schematic

What we obtain:

du'(t)
Y- =—u'(t)+ W -v'(t) + €,
dt
.~ R-I u'(t)
v'(t) _N—l'tanh<2-Vt>'

Dynamical behavior of the RNN:

du'(t) , ) ,
S =—u'(t)+ W -v'(t)+ W, €,
v'(t) =S-a-tanh <'B+,(t)>

Equivalence:

s W,=1,

e a=1V;

© Sra=R-1I)/N-1);
© b=5/@-V).

Currents
lo |$ to other

SO

34 56 78
Diff. Amp.
1 2
u J 4\ - 1 2 o
RN - { Neuron
JEb oupa ;
/R I L =0
| J Y o
v Y v
ji,w
&
Y lljiaW \
. i[ 4 8
o— Gilbert Cell o3 : - o Gilbert Cell
............... sesEEEEEEmE -:I:---- lf--........---- BLLELTTY N .
<Y (I (O 0

Currents from other neurons
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Single neuron: PCB layout

PCB: (32 x 36) mm? on Roger © 3003

64

B Buffered inner state uj Power supplies
B weight configuration Gji B External input ;
B Auxiliary input Inp,

€ Equivalent Load
? ? A\ A4
. Single N
Gji &3 ingle Neuron
YVVVVV
INaux o Differential Pairs
Embedding:

* Ideal lumped components;
« Transmission lines;
» Capacitors to ground at the Pads.
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Weight Configuration (PCB @ 0.1 GHz)

Simulation

O Measurements

Hyperbolic tangent slope

@[u(t)] = a - tanh(B - u(t))
Bopt =3 V71 Bsim = 387 V71 Breas =347 V71
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Frequency response (equivalent t) for the single neuron

deal Low-Pass RC

Frequency [GHZz]
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Equalizer: Chip Layout

External inputs (differential)
- Buffered outputs (differential)

- Weights control

- Reset

2

Chip area: (1.49 x 0.46) mm
Power consumption: 35 mW

30 pads (4 grounds)



Slide 36 Advanced Low Power, High Speed Nonlinear Signhal Processing | Giuseppe Oliveri | 08/10/2015 | Erlangen

Equalizer: Active Area Layout

s

S0 R0,

D opG

AR ooEa

~ 170 transistors / 4 neurons
Transistors ~ N2

Feedbacks ~ N?

Differential amplifiers and Gilbert cells
Weight configuration
Load and buffers

Integrated reset function
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Measurements
Y- d';ft) - WO +W-v (D) +e,
’ _ R * It u’(t)
v'(t) —N_l-tanh<2.vt>.

11 Variables (W,e’,t)
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Measurements
Y- d';ft) - WO +W-v (D) +e,
’ _ R * It u’(t)
v'(t) —N_l-tanh<2.vt>.

11 Variables (W,e’,t)

Slow-varying transfer function
« Equal external inputs;
* Equal weights (w;; =1, Vj # i),
* No time dependence;

N
/ R’It

U
y ——— t h L = !
EANCESVIV b <2-Vt> %

i#j

Differential Outputs [V]

-0.5

-1.0

0.5

0.0

it Gl -1\

DIETIEEY TR

—Progression
—Regression
—Measurements

ot
-0.2 0.0 0.2 0.4 0.6

Differential Ext. Input [V]

0.8



Slide 39 Advanced Low Power, High Speed Nonlinear Signal Processing | Giuseppe Oliveri | 08/10/2015 | Erlangen

Conclusions
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Conclusions

Summary

Revitalize nonlinear signal processing with analog circuits.

Vector equalization using recurrent neural networks:

* Validation of the circuit model through simulation;
* Key parameters for best performance.

Novel 4-neurons fully adaptive vector equalizer:
* Throughput: ~16 Gbps;
* Equalization time: ~250 ps;
* Power: 35 mW;
* Integrated reset function.

Measurements:
* Single neuron characterization;
* Equalizer static transfer function.

Outlook:

* Observe the equalizer outputs at real-time;
* Extend the concept to complex equalization and decoding;
* Increase the number of neurons (scalability issues).
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Thank you for your attention!




