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6G: A tight mesh of network tranceivers

« Underwater Network

« Autonomous Underwater Vehicles

 Terrestrial Network
« CRAN (CU + DU + RU)
* Vehicular, M2M, loT

« Aerial Network

« Drones (Unmanned Aerial Vehicles
« LEO, MEO, GEO Satellites
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This huge complexity is a computing problem! Q%

6G puts constraints on the computing load of the Base-stations, in terms of
throughput and latency...

WRC-23 WRC-27

2020 2025 2030
5 !: 5 !: ? More BW, lower latency,

more devices!

2.3/2.6/3.5Ghz >6GHz <10GHz
<10GHz - 3 THz
sl —ad ~d 20 Gbps & 1 Tbps
100MHz 64TRX 200MHz 256 TRX 400MHz 512TRX 1 ms > 0.1/0.01 ms

108 dev/km? > 107 dev/km?

X 40X 500X

vs. 100MHZ 64TRX vs T00MHz 64TRX Ra ppaport, 20 19
Khan, 2022
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6G drives needs of todays hardware

Mobile Network Traffic is Driving Compute
Needs at a Higher Rate Than Moore’s Law

EricssonSilicon

A range of purpose built ASICSin
advanced technology augmented
by partner innovation.

Trends driving higher processing

* # Antenna branches growing with Massive MIMO
+ More carrier bandwidth at higher frequencies

* Wider spectrum allocations in new bands
Digital front-end processing
B Bzamforming processing
| Layer 1 processing

* Shorter transmission time interval

Layer 2 processing

| Packet processing function
+ Baseband = P 9

] Radio control function

Carrier bondwidth — 28 MHz 28 MHz 166 MHz 166 MHz
Antennabranches —  2TZ2R 4T4R B8TBR 64THAR
Transmission time interval —  1ms 1ms 8.5 ms B85 ms

B M023 IEEE
International Solid-State Circuits Conference
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TCDM Memory
Bank | Bank @ Bank | Bank  Bank Bank | Bank

Parallel architectures

. 0 ( 2 3 4 . 4N -2 4N -1
« Shared-Memory programming

« Low-Latency Tightly-Coupled Local Request Interconnect
Data Memory (TCDM)

o g . ReqN-1| Resp N-1
ISA specialization

« General-Purpose vs. ASICs

« Open ISA (RISC-V) for S CORENC
architecture specialization

LO I$

Huge amount of data flowing in 5G/6G Shared L1 1$
workloads!

JO
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Use more cores and more memory!

MemPool - 256 cores Tera POOI > 1024 cores
- Group 0 Any core can access
any bank, some
o & 00 0000~ 08-0 interconnection
& .g- Tile 0 — K'" Tile 15 resources are shared
Local Interconnect g > NUMA
2 Group K Group M

0 1 B N
Snitch Cores (rv32ima) are OE-0- ° B0 -

grouped in Tiles with TCDM Tile 0 Tile 0

LI

»
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How do you progam
1000s cores?



We target fork-join parallelism

Fork-join programming model
* Serial execution forks to parallel execution — _____________________ | P S
 Cores access memory concurrently

« Cores are synchronized and parallel
execution joins to serial

S
Parallel 3_
accesses D

bt

memory
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Synchronization: a log-tree approach

Synchronization barriers

« Arrival = atomic writes to a synch variable

« Hardwired wake-up triggers for departure

Reg.

2 gl

a
fetch

add
fetch

Vi

STAG%AKE_LﬁJAGE 1

\

=)
wake-up

ISSUE: cores arriving all together will

contend for the same memory resource!

m e h /*gjjé A MATER STUDIORUM
zuricn e

STAGE 0
STAGE 0

S0:1)/

—____.fetch&add. ... ... __

5 7 (oo (BER (bEA BER) BEA BE7)

WAKE-UP

oss00es

Reg.

f

Hardwired Triggers



Overhead depends on cores’ arrival time

« Small delays - small radices are better,
 Large delays - central-counter wins
Cycles for barrier call

Log2 Log64

2000- I 1
B Log4 [ 1 Log128
1800+ 0 log8 [ Log256
1600 [ Logi6 [ Log512
g 1400 0% G
© 1200-

© 1000+
800-

600 -
400-
200-

0 256 1024 2048

Maximum random delay
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Choose the barrier depending on the kernel Q%

P
AXPY DCT MATMUL
10 [o. 10 oo 10 | , :
2 e ] o e e 2 [os e S Diferentkernels
— : : : have different cores’
28.0.63|048 | 033|020 28/0.81|0.29 | 0.10 | 0.06 281 034 | 013 | 0.05 . _
271050 |035|022|012| 271072 | 0.20 | 0.06 | 0.03 271 024 | 0.2 * arrival times: choose
261040027016 | 009| 26[064|015|004|0p2| 26{ 0.18 | 0.11 barrier accordingly!
10.37 | 0.24 | 0.14 | 0.08 | 2> 0.60 | 0.13 | 0.04 251 016 | 0.11 | 0.05
241035023 | 013 | 04 2410.58 | 0.12 | 0.04 | 0.0 241 015 | 0.13 | 0.06
2310.36 | 0.23 | 0.13 * 2310.60 | 0.13 | 0.04 | 0.03 231 0.16 | 0.14 | 0.06
221037024014 | 008 22061 |0.13 | 0.05 | 0.03 221 017 | 0.14 | 0.6

Radix
N
LN
o |
(5]
""'q

21 0.49 034 021 012 210.70 | 0.19 | 0.07 | 0.04 2. 0.24 015 0.07
26 12 AN 408 090 4090 4020 4090 420 % o%h
660 «3‘\0 «;6‘2" 5?.&'1 807780768077 640 . - - ﬁfgﬁ‘f‘a \2B*
LEN
LEN NxMxP
Problem size
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PUSCH processing

OFDM
time-frequency grid

We receive frequency-
multiplexed transmissions =
symbols

| data symbols
[ pilot symbols

* Orthogonal subcarriers {30 kHz

* From multiple antennas

fo%/
&

« 14 symbolsin
Transmission Time- &
X
Interval (0.5ms) 0129456708 9yJ111213
symbols —>

sub-carriers —>

(Pilot symbols, are known at the
RX + TX, and allow the
reconstruction of the channel)

o‘s_r'ns time —»

ETHzirich &
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PUSCH processing

x = (A"H + 021)_1ﬁHy

\/
OFDM Beamforming MIMO

Antennas g demodulation Matrix-Matrix Linear System
Q| FFT Multiplication Solver

(o, ]
Element-wise
division

NE
Autocorrelation

> . e
H 1 xp y y 1%
Vp = H Xp

;“"
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PUSCH processing: Computational complexity

* A computational complexity analysis shows that most of the MACs are in the
FFT, the BF and the MIMO stages

* We therefore focus on the optimization of these steps

MACs per stage in PUSCH chain

w FET
BF
: (I\:/I|I_|I\é0 Impact of MIMO
- NE \ stage depends
on the number
of UEs

o o o o o o
0% 20% 40% 60% 80% 100% transmitting on
the same sub-
| carrier.
%
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Low access latency programming

é o
T
“

The kernels compute and store locally - reduce load

latency of cores that are using data in the next phase
of the computation

Load access pattern

Bahk 0- Bank 4-7 Bank 8-11 Bank 12-15 /\
S AR [ e Store access pattern

I I [ |I.l|.!

e —
y =
[T [T m T T
L]
R STUDIORUM g
1 I BOLOGNA
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High IPC is obtained on all benchmarks

FFT TeraPool

4096-points
(16 independent MemPool

FFTs run between
barriers)

LSU stalls

0.0 0.2 04 0.6 0.8 1.0 m

Fraction of total cycles

MMM TeraPool
(Input 1 4096x64 MemPool
Input 2 64x32) * TeraPool scales well compared

to MemPool (overhead =
0.0 0.2 0.4 0.6 0.8 1.0 . .
Fraction of total cycles synchronization)

??olte_sky 'I:'neraF;ooll « LSU stalls are reduced to less
(1); irrgspg)rident el than 10% of the total
execution time

dec. Run between
barriers)

0.0 0.2 0.4 0.6 0.8 1.0
Fraction of total cycles

1R 06/06/23 Tera - 16
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Quasi-ideal speed-up and low latency

4096-points

s, ®
8 1e3. _ B
O |00 o o o e o e e e e e e o e 100 (@) w 1e3
o ™ o 9 5007
= 1024 80 O B 400
™ £ = 62%
~ 60 @ @ 300

500 LS
= 40 o, 8 29 |
e O o 100 31% 79, |
g R - |
8 0 5 6" % 4x16 FFTs 4096x64x32 MMM 16x1024 Chol. dec.
7p) 4x16 FFTs 409&;&3&)«32 16x1 Ef: n(igﬁ!kdec' irggi-pomtlss x14 symbols x3i|ftra r;\ayi.% .

4096 subcarriers, 64 antennas, 32 beams, 4 UEs on the same subcarrier

Speedups - 762’ 781’ 722 Further improvement from
Runtime > 0.785ms @1GHz architecture specialization!

){ https://arxiv.org/pdf/2210.09196. pdf
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People will ask questions...

Is this physically feasible?
Does it place & route?

Was TeraPool ever taped-out?



Let’s get Physical!

e T |
5 Frouzaiisy| s
muel Rieﬂla!‘

el |

MinPool: first tape-out MemPool: main driver

= 16 cores, 64 KiB, 3cycles = 256 cores, 1 MiB, 5cycles
= TSMC 65 = GF 22FDX

= 500 MHz (WC)
= MemPool-3D

ETHzirich &

‘3 i,
oy
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=
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Hierarchical low-latency interconnect + Many Latency-Tolerant Cores (Snitch)

TeraPool:
= 1024 cores, 4 MiB, ?cycles
= GF 12 LP+
= How connecting?
= How go Physically?

06/06/23 Tera
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Scale Up From MemPool? - TeraPool, ; - Design

* Direct Scale-up Version from MemPool

« 4 Cores -> 8 Cores per Tile

« 16 Tiles per Group
* 4 Groups -> 8 Groups

ETHzurich

/?

:,‘

TeraPool Group

TeraPool Tile

N=4 in MemPool ;N=8 in TeraPool
TCDM Memory
Bank | Bank | |Bank || Bank | | Bank

TeraPool Cluster
. =emoit 0

i

B

06/06/23 oo



mentation Challenges £

e 1.6ns+ critical path

* The timing could not close at 500MHz, TT

* Design runtime is unmanageable

1.5 Weeks for Group Level Design

* Not routable
e ~33K DRCs

* Diagonal groups timing;

* Large routing channel required;

S%W% Design evaluates on GF12nm LP+, TT/0.8V/25C, 13MGE, 2100x2100um, 58%U'tilization. 06/06/23 T " 21



Brainstorming: what do we need?

Short diagonal timing paths TeraPool Cluster
« Let’s Keep 4 Groups per Cluster

« 256 Cores per Group, that’s too large s G
TeraPool Group
 New hierarchy: Sub-Group level N 5
* Iteration runtime control T S § '5"
« 8 Tiles per Subgroup. Tileb ?
* Frequency? or Latency?

* Flexibility to add spill registers

06/06/23 QEYH : 22



TeraPool, , . ,: Hierarchical View

TeraPool Subgroup

Slv Reg/Resp
l T Mst Rea/Resp

N

e Hierarchical Architecture View:

* 4 Groups per Cluster

* 4 Sub-Groups per Group
« 8Tiles per Sub-Group

« 8 Cores per Tile

k- i a4
P
Q\'c', /

TeraPool Group TeraPool Cluster
Siv Reg/Resp k
T \ GROUP 3 Rl GHOUP 2
P ]
v > 3 \
C . <§ = -|->c.1
) '»GZ
+>Gs
“Mst Req/Resp
Slv Req/Resp (From (.;1,_(;3) GROUP 0 namq GROUP 1

 Flexible spill registers adding:

Break long-distance remote
accessing paths

Different latency/frequency targets
Hardware-configurable X=7/9/11

30
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TeraPool, 5 . ,: Physically FEASIBLE!

Ter-24bgeoup......

Subgroup 3

| Subgroup 0

 Methodology:
* GlobalFoundries’ 12P+ FinFET
« Synopsys’ FusionCompiler 2022.03

« Synopsys’ PrimeTime 2022.03
« WC:SS/0.72V/125C ;TT: TT/0.80V/25C

ETHziirich

G rou J TavaDaal Muaiin

Subgroup 1

IUSter TavaDaanl Mlhuiada
s AT T AL _‘4",;"- i :'. U

AR

* Implement Area:

« Subgroup: 1.52 x 1.52 mm? (sex uization)

« Group: 3.8 x 3.8 mm?

Cluster: 8.3 x 8.3mm?

\

06/06/23  [oarmrl
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Latency vs. Operating Frequency

« Registers spill critical paths

« Latency-Frequency trade-off

* Near-GigaHertz Design _ _ Core Bound
Design Choiééel-glgdiieric
1000 e w— 920: 928 928
% .5 Latency | 7
= Bound
[4}] 3
$ 500 »
w
5 250 — 4
o
- 0 |
1-3-5-5  1-3-5.7  1.3.5.9 13511 13513 1-3-5-15

Latency in Cycles (Tile-SubGroup-Group-Cluster))
B Typical Corner [ Worst Corner

ETH:zurich J{;;. | Design evaluated on GF12nm LP+, $5/0.72V/125C, TT/0.8V/25C 06/06/23 -I_Eré; R .



Energy Breakdown

* Energy-Efficiency: « With target frequency increases:
* Only 9-13.5pJ for whole L1 access * More design optimization cells add on
« Even p.mac, only 12.5pJ « With larger driveability, SLVT = Power suffers

ld e FTITITITITITINININN 146 pJ 2 10J
WWWW F2.1p

add

{1037 Avg. +20%
ey 12.0pJ
y 12. 1pJ

mul

mul nggigi;i;E;EiE;E;EéE;E;E;E N : p.mac

mp

WWWWW 15.0pJ

P-mac NN P
Snitch Core EZ] Snitch TPU [2] Snitch-Opt BN Interco. [23 Interco.-Opt TeraPool;_3.5.7 730MHz TeraPool;_3.5.9 880MHz
SRAMs+I$ [ Others TeraPool|3.5.1; 920MHz

ETH:zurich

4 Design evaluates on GF12nm LP+, TT/0.8V/25C
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TeraPool is NOT MemPoolxa

Larger Scale Cluster
Reduce system overhead

Beat MemPool, g go 80

Less data movement

Less workload distribution

ETH:zurich

Memory-Cluster
Cluster-Cluster

Data allocation
Data Splitting

1024

Core Number 256
Tech Node 22nm 12nm
Die Area (mm°) 12.9mm2 68.9mm2
Hier-Latency (cycles) ,” 1-3-5 \} 1-3-5-7 1-3-5-9 1-3-5-11
Avg-Latency T 47 ! 6.4 7.9 9.3
(zero load)(cycles) : :
Throughput (reqg/core/cycle) I‘\ __99}___/' 023 | 024 | | 0. -Zé____\
Frequency (Typ. Condition) 587MHz : 730MHz 880MHz 920MHz
Peak Performance (TOPS) 0.3 :\____1_._59____ _____1;8_0 _________ 1_'??____
Area Efficiency (GPOS/MMZ) 23.3 21.8 -:I____ggj __________ 274
Benchmark Example: MatMul Kernel'
Kernel Performace (TOPS) 0.17 0.60 0.66 0.75
Power Consumpetion (W) 2.25 4.16 4.87 6.78
Energy Efficiency (W) 136 L o144 | 1 _3_6_""] 111

BI98WA 1: Matrix-Matrix Multiplication, 256x128x256, 4x4 Tile-based Computing.

More Efficiency

06/06/23
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What’s next?



Much more will come...

More Configurations:
« 4 Cores/Tile -> more throughput
« 16 Cores/Tile -> less average latency

More Recipes:
* FPU implementation: 8bits, 16bits, even 32bits
» Spatz-TeraPool: Vector unit powered, more ILP

More Clusters: o /{/ \\\

= ?
» Multi-Cluster + Memory hierarchy p—t - |’ _‘/ \
77 é T {1 ¥ I

« 3D Implementation 3D Design

« Full MIMO MMSE Receiving Chain W' Massive MINM

O github.com/pulp-platform/mempool 06/06/23 Tezp .
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