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Motivation
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Bosh Sensortec Self-learning Al Smart Sensor
An example of an edge device that can benefit from with Integrated IMU [1]
these capabilities is the smart sensor from Bosh
sensortec.

The sensor composed of integrated MEMS motion
sensor (3-axis accelerometer and gyroscope), a
programmable controller unit (FUSER), and a
custom IP (accelerator).

Self-learning Al sensor
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Motivation

Neural Network Accelerator BHI360 (BHI380)  revsvomcone | | @‘;

¢ MRS J_ @ g

The major operation in neural network accelerator | Host CPU |- <> : RRESN
is the multiply-and-accumulate MAC operations, =, i % +‘2J
. . . S 4 - Q) A S 3
which is computed by performing a dot product of ¢ S

weight matrix and an input matrix.

Bosh Sensortec Self-learning Al Smart Sensor
with Integrated IMU [1]

N
MAC - ZXl X Wi
i=1

Machine learning accelerators can require billions 5
of MAC operations. Such enormous number of g
Operation consume a Signiﬁcant fraction of the total Facial Recognition ~ Speech Recognition Object Detection
power budget. Thus, the energy efficiency of MAC { Edge Compuatonusing oW [
operations is extremely important. |[ =
‘T
onvolution Pooli nvolution i
¢ Layle:l I.oaDy(:rg CoLac;lI:rto PI?aO\::rg FuIIyL(;CZT:cted
A? S syl Edge Computing with Neural Network [2]
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Introduction to Time-Domain MAC

In the time-domain computing approach, data can
be represented by pulse width modulation PWM,

pulse position modulation PPM, or a combination of Clock 1 ' 2 . 8 ' 4
. Cycle e >l >ie >ie
PWM and PPM, or alternatively data can be mput b b e b b
. . 1
expressed by time delay, frequency, or phase. @by | I I :
Digital  y 199119191 | 10001000 ' 00100100 ! 00000011
Domain 1 1 1 1
1 1 1 1

In [1]-[2], a multi-bit input is represented as a single Time 3,
PWM signal with its pulse width representing the Domain [ e o —> Hrs‘“" I'r/

3
y
3
/

B I

magnitude of the input data. This results in multi-bit ' "

data to single data-signal compaction reducing the
overall dynamic power consumption. PWM time-domain representation of 8-bit digital input [2]
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Introduction to Time-Domain MAC

In the time-domain computing approach, data can

be represented by pulse width modulation PWM,

pulse position modulation PPM, or a combination of Clock
PWM and PPM, or alternatively data can be input
expressed by time delay, frequency, or phase. [‘)3“’“"
igita
Domain
In [2]-[3], a multi-bit input is represented as a single Time
PWM signal with its pulse width representing the Domain

magnitude of the input data. This results in multi-bit
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data to single data-signal compaction reducing the

overall dynamic power consumption.

(Input Pixels X;)
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PWM time-domain representation of 8-bit digital input [2]

_ MAC = 123(1) + 60(0) + 43(1) +
(Weights w,) +255(1) +

11011
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+ 76(1)
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Time-Domain MAC Operation [2]




GRO-Based Time-Domain MAC

Phase-domain MAC Components

A gated ring oscillator GRO which oscillates when

it is enabled by the switches otherwise its phase DIN—
information. Additionally, its oscillation frequency is
controlled by the weight signal /.

Proposed phase-domain accumulation
GRO Phase=Prev. Phase + DIN - Wi—:

A digital-to-time converter which generates a pulse
DTCOUT proportional to the input signal DIN
(PWM).

A counter that increment when the GRO phase

returns to O. -3 24" |
wX 1" X 0.5
Counter’____“_OZ___N_ _____ )‘__1, .....................................
A readout logic which samples the counter output, Seq. 1 Seq. 2
and the GRO phases to generates the MAC
operation Result Concept of Phase-Domain MAC [3]

Aalto University
School of Electrical
| Engineering



GRO-Based Time-Domain MAC

Phase-domain MAC Operation

Phases advances by DIN -W-i—g (in case of 5-

stages oscillator). For example, first operation in
the figure has DIN =3, W = 1. In this case the
GRO phase advances by 0.6m7.

DIN —

Proposed phase-domain accumulation
GRO Phase=Prev. Phase + DIN - Wi—:

The oscillator phase is held until the next operation
Is triggered.

When the phase state returns to the initial condition
(0), the event is caught by the counter.

“3” 24" '

wX 1" X 0.5 ; 5

In this case, phase-domain accumulation is realized Counter__0" A1
Seq. 1 Seq. 2

by the GRO, and it can continuously operate until

the counter saturates.
Concept of Phase-Domain MAC [3]
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GRO-Based Time-Domain MAC

Circuit Implementation: Signed Accumulation

Signed accumulation can be realized by bi-direction
GRO which shares the phase information by
connection the oscillator taps of 2 GROs: forward-
direction GRO, and reverse-direction GRO.

The output of the DTC is provided to the forward-
direction GRO if the sign is positive, and to the
reverse-direction if the sign is negative, allowing the
phase to advance in both negative and positive
directions.

The number of rotations of the phase is counted by
U/D counter. By reading the counter and the phase
information, the result of the sum of products is
obtained.

Aalto University
School of Electrical
Engineering

A?

Dm:) Forward-direction GRO
DIN uD _TSB
L' i Counter
:_GRO Phase LB :

frequency

Reverse-direction GRO

DIN, W_DIN=5 w=1___X DIN=12. W=05 X__DiN=-4 W=0.75
SIGN _ _ _ _ _ _ _ _ _ _ _ _ ____________ | N
prcout [ 5 ) 12t Ty
cﬂz“ --E'----:---': -------- -:----:-- ,----éPhase :
= & : : .5 ftodigital
T~ : g g ; i i = "
I '*Cuunt up ; Count dowh x10
Counter “g” X 1 X 0

Bi-direction GRO [3]



GRO-Based Time-Domain MAC

Circuit Implementation: Multi-Bit Weights
(Frequency Control)

We3:05 GROP<3:0> . ' |

DTCOUTP I I E E

The weigh and frequency resolution is realized by B N N TN T Y N !
assigned the LSB W[3:0] and the MSB W |[6:4] to % i 5
two individual GROs. ol I 5
PH<1>|PH<2> E . ! i

If W[i]=1, GROP <i> inverters will turn ON, % . ! vl
otherwise, the inverters will turn OFF allowing : % Hoo ; AL
weighted frequency control as required. ialolalalal §_°"°"—“”fq?,‘-
DTCOUTN “-f" I I I f g;‘grse.dlreﬂlon A N E |.., _-{_ - /l i

W<3:0> GRON<3:0> . E GROP<0>f X _‘: i

\mvas

GRO Implementation [3]
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GRO-Based Time-Domain MAC

Bi-Directional GRO

Uni-Directional GRO

FIN

This Work This Work Chip
ASSCC [15] VLSI[14] e A
Domain Phase Phase o] | — ~DSIGNI
DTCOUT,|
Process 28 nm 28 nm ] CC' | Bidirectional[]
Resoluti 8 bit 8 bit o L] e ol e ECR)O
esolution I I o DIN = |
DTC /
MAC Area [um?] 960 1200
i b
Normalized I\;1AC Area 960° 1200
[um?]
Supply Voltage [V] 0.7 0.7
s Anomaly Anomaly
Application MNIST Detection MNIST Detection
MAC rate [MHz] 753 675 780 700
Efficiency [TOPS/W] 124 10.3 14 11.6
Efficiency [TOPS/W*Bit] 99.2 82.4 112 92.8
Area Efficiency Counter
[TOPS/mm?] 1.57 141 1.30 1.17
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Phase
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Selector|
Y

MAC

.
Result

Chip Architecture and Photograph [3]
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GRO-Based Time-Domain MAC

Bi-Directional GRO

Uni-Directional GRO

This Work This Work Synthesized JSSC Jssc JSSC JSSC
ASSCC [15] VLSI[14] Digital [26] [10] [6] [5]
Domain Phase Phase Digital Digital Charge Charge Time
Process 28 nm 28 nm 28 nm 28nm SOI 40 nm 28 nm 65 nm
Resolution 8 bit 8 bit 8 bit 8 bit 3 bit 1 bit 1 bit
MAC Area [um?] 9602 1200 900 2083 12000 4600 13000
N°’“‘a"z[:dm“f]“ Area” 960 1200 900 2083 5880 4600 | 6370
Supply Voltage [V] 0.7 0.7 0.7 | 09 0.8 1 0.8 N.A.
Application MNIST D“::;::f';ﬁ MNIST DA;‘;::::{‘ - - - CIFAR10 | CIFAR10 | MNIST
MAC rate [MHz] 753 675 780 700 437 | 800 1000 1000 10 N.A.
Efficiency [TOPS/W] 12.4 10.3 14 11.6 44 | 2.8 3.2 8.77 532 77
Efficiency [TOPS/W*Bit] | 99.2 82.4 112 92.8 349 | 224 25.6 26.3 532 77
A{fg:gﬁ‘;;‘;y 1.57 1.41 1.30 1.17 0.97 | 1.76 0.96 0.17 0.42 N.A.
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GDL-Based Time-Domain MAC

|
* =\
Pulse _’| Pulse ) > — MAC;

Generator Selector Memory Delay-Line MDL

Time-to-Digital Converter Multiplier Time Accumulator

» The property of time addition of two different input
pulses is utilized to perform accumulation by
utilizing a gated-delay line GDL.

» The phase increases when the EN is high and held
constant when the EN signal is low. Hence, when
an input pulse is received, the phase of the GDL is
advanced by the amount of the input pulse width
(high) and held when its low.

= When the input pulse reaches the end of the GDL
(phase reaches its full-scale value), a full-scale
signal is asserted.

GDL Phase Accumulation [2]
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GDL-Based Time-Domain MAC

Forward Delay Line

—

DELAY LINE (+ve weight)

S1
MEMORY
LINE

S3 S3
DELAY LINE (-ve weight)
MDL Unit

——

Backward Delay Line

Switch | Logic Equation
B —
—o o— S1 EN + (EN. SIGN)
i S 2 | BN
! S3 EN -+ (EN.SIGN)
i S4, S8 SIGN
S5, SO SIGN
S6 SIGN. START_NEG
S7 SIGN . START_POS

EN = Xi'wi If SIGN=0, 01 transition at A, then
luniT 1 UNIT 2 UNIT n| START_POS =0, START_NEG =1
MEMORY MEMORY MEMORY | g ™, S7
Al DELAY peLay JUNITS2ton-1_J pe Ay A o lbown
LINE UNIT |B LINE uniT |© D[ Line uNiT o Up
S6
S1,52, 53
S1,82,S3 $1,52,S3 Up/Down +ve Edge
S4 S8, S9 Triggered Counter
Bidirectional j G | calibration
Memory Delay Unit  [if SIGN=1, 01 transition at E, then
Line (MDL) e START POS = 1, START NEG =0

Aalto University
School of Electrical
Engineering

A?

If EN=1 (MDL - DELAY LINE)
else (MDL - MEMORY)

If WEIGHT ==

+1 (SIGN=1)

else (SIGN=0)

: MAC CLKPERIOD —  :
—_—T | N | |
1

Xo*Wo

EN

MDL State e

Y LINE  MEMORY

T T
i xl*Wl X z*Wz

1 (-ve weight)

i
‘ :X.nfw
\\\ ’|| R
\

Vector PHASE  STORAGE R e
‘A PHASE v A

b Possibility of Metastability [ E
1st input — ‘ — :
Afear ] - Metastabl!ltyRyoluuo( : :
2nd |nputV///////| | x ey
\ \ 1

After ‘/ \/ Chun

| MDL backward propagation \Counter

3nd mputl////////l

Applymg
nth input

After }

nth inpu %!///I l

*figures adapted from [2]
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GDL-Based Time-Domain MAC

X*w[0 - 7
V01 rVBL F»-[Counter|»[Shifter | X-2
X*w[1l - 6
ﬁ MDL2 || Counter|»[shifter]| X £  J MAC
i - 5 Output
S I Time Domain Approach 1 K*"ﬂ MDL232 | Counter}-|Shifter g-\ P-‘
g omain
X*wi[3 - 4 -
' : £ W3] MDL4 |»[Counter}»[Shifter | X2 —{ﬂdd
g X*w[4] 23 A er
z —{mMDL1 |-{Counter|-»{Shifter [
° X*w[5 _ 2
E WS MDL2 || Counter|-»[shifter| = 2
8 - x 21
= 0.67x (40um) () }{*vﬂ MDL3 |-»|Counter |-»|Shifter
Time Domain Approach 2 Mol - ]
aul MDL4 }»|Counter}»[Shifter X 2
E
§ Supporting Multi-bit Weights (Time-Domain Approach 1)
1x (60um) (c) g
8-bit input 8-bit weight o
MAC Computation 0.53x (40um) _(0) 8-bit input *
1-bit weight GDL MAC
. . —> L L
(8-bit applied Time Accumulator Counter Output
sequentially)
Aalto University Supporting Multi-bit Weights (Time-Domain Approach 2)
A School of Electrical
B Engineering
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GDL-Based Time-Domain MAC

ISSCC'16 [14] 65 Digital | 16bits |16.00| Yes | No | No | 98.3% LeNet-5 MNIST 64 |4.51E+4| 1.42°
ISSCC'17 [15] 28 Digital |1-16bits| 1.87 | No | Yes | No - AlexNet/VGG ImageNet 76 |7T.60E+3| 10+
ISSCC'18 [16] 65 | Analog | 8bits | 144 | No | No | Yes | 96.0% SVM MIT CBCL - - 3.125
JSSC7 [17] 130 | Analog | 5/1bits |0.267| No | No | Yes | ~90% Classifier MNIST - - -
ISSCC'18 [18] 65 | Analog | 6/1bits |0.067| No | No | Yes | 89.0% LeNet-5 MNIST 10.70 | 380.7 28.10
CICC'17 [19] 65 |Frequency| 8/3bits | 0.24 | No | Yes | Yes | 91.0% |Multi-layer Perceptron| MNIST# | 0.396 |2.05E+4| 0.019
ISSCC'18 [20] 55 |Frequency| 6/6bits |3.125] No | Yes | No - Reinforcement Lear. - 2.152 690 312
A-SSCC16 [21] 65 Time 1/1bit | 3.61 | No | No | No | 98.5% LeNet-5 MNIST - - 48.20"
This work (MDL CNN)| 40 Time [4/1*bits|0.124| Yes | Yes | No [98.42%°% LeNet-5 MNIST | 0.365 | 30.17 12.08

Aalto University
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Assignment Question

= What are the advantages/disadvantages of utilizing time-domain
MAC?
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