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2 antenna dimension0 EAE[0] QOB Z channel estimation®| covariance AlAtat
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windowZt Q2% 90% O|A°| signal energyE ZEAE = UL T HWY inter-tile FFTS
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reduced dimension2 2 HAEICEH O|F adaptive trimming2 &9l O|E 2x3 E£& 3x22
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vector-matrix multiplicationO| CtF= problem size XtME HASCHE O QUL =
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3 orders of magnitude, detection areaE <t 1.5 orders of magnitude =€ + US2
QICt &, beamspace= &4 82 |XISHHME ZET digital baseband?t X ZE X 2|
SiOF St= state dimensiong® ZO0{F£ algorithm-hardware co-design®| 24 F=Eto =2
Ar&E L

Reduced dimension2 &2 F0f& multi-user channel estimationge &&3%}st7| st =
7b X X3t HEEICH Covariance matrix R2 Hermitian symmetricO| 22 XAHS2 lower
triangular elementTh A4tSH0] estimator areaE 44% =%, +1 Walsh-Hadamard pilot
sequenceE 0|83}t p estimatorO M= Y multiplierE mux-add &2 CfAM[SHY =
THH O 2 54%°| areaS HZUSIRUCE LS 3x3 beam windowZS &4 |X[SHX| &1 p2
energy distribution2 0|83l 2x3 & 3x22 trimmingdtE= adaptive windowingg A&
StCt O] 'HAI2 fixed 3x3 window CHH| areaE 34% ZO|HA|, B+ fixed 2x3 trimming
0t H|WSHH dominant beam #ak2 M2t windowS MEAS = RU0f 2 1.8 dB2| SNR
0|52 HMS¢etct.
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[23 1] mmWave massive MIMO X 2| EX|2 proposed tiled beamspace architecture
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EHZ 8lLt9| hub DSPE 2O} XzZ|&jjof stE 2 I‘OUtII’]gJ-|' matrix-processing complexity 7}
array 37(0f Mz} WEAH SIFSCE MOt 2= 25671 antennaE 16702 tileE2 25t
1, 2t tileQ| local DSPOIAM TX spatial FFTE %t F| hub DSPO|A inter-tile
processing2 O|0{7t= YAISZ timing-critical data movementS X|S}stCl O X &
physical array tiling2t beamspace #Hets VA A= Y O DSPY ESE =
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S50 trainingdt detection2 StLtC| scalable dataflowZ HZA%H ™O| 7|&E detector-
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Beamspace Energy Concentration
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[12] 2] beamspace energy concentration2} reduced-dimension training/detection algorithm

8 20| M= beamspace B2H0| MXA| algorithm complexity ZAZ O|0{X|& IHHES &
Qg = UL} Antenna-spaceO A= signal energy?t 2 antenna dimension0f &4HE|X|
Tt spatial FFT O|20|& A== beam bin0 EEEEE, O B2 pilot sequenceZ2: F&
channel §EE &2 = AL BER FHOME FEI3ICE 1Y =20 ME intra-tile
FFT = 2 tileOlA W=4 windowE MEISI1, hub DSP2| & HH inter-tile FFTE Sl Z|
Z 2D beam mapOlAl W1xW2=3x3, & D=92| &2 ot Z47IC}t 0|0 2t channel
estimation2| p2t R A4t O(DA3)2| weight calculation, 12|11 payload symbol detection
2 B5 reduced dimensionOA ™l £ QUCt =0 HAI ZIOIM= full
antenna-space processing CHH| training area?t 2 3 orders of magnitude, detection area
7} 9F 1.5 orders of magnitude Z25}H, beamspacel| energy concentration XtA|7t =
Tt hardware T2 E E0|&= iy d&S it

0| reduced-dimensional training flowO|A] = p estimator?} covariance R calculator?} pilot
sequenceE HE XN 2|BCE R Hermitian symmetricO|2 2 lower triangular elementt
HAFSEO]  estimator areaE 44% &0|1, +1 Walsh-Hadamard pilot& O|&%3%t= p
estimatorOl Af= multiplierE mux-add ZEZ CHM|SIN F7IHO 2 54%9| areals BZ
StCt Eob 18l 29| 3x3 windowE & 107ESHA| 240 pQ| energy distributiong O|&
Ol 2x3 == 3x2E trimmingSt= adaptive windowing= H-&%tCE O] &4Al2 fixed 3x3
window CHH| area® 34% ZO|HA{ fixed 2x3 trimmingZ Lt 2f 1.8 dB =2 SNR2 A&
StCE Ol 7IE & hardware bottleneck®! weight calculation2 R=LDLAT decomposition,
triangular matrix inversion L~-1, inverse matrix assembly RA-1=(LA-1)AT DA-1 LA-1, WCAL
of Yl HAZ FEECE MAS2 stage AFO|Of FH| matrix& XM&St= alignment buffer



£ QIOj LDL-INVL-INVR-WCALZ A& HZSHE linked systolic dataflowE AtE3}0]
intermediate storage?} stall2 A0 &Lt

O| linked systolic array= Eh=o PE count ZAHELCH data alignment®} intermediate
storageE SI0i&= Ol =HO0| QUC} LDL-INVL direct linkingZt2 2 baseline CHH| area 23%,
latency 22%E =20, INVR2F WCALZHX| 22t end-to-end linked organizationOf M=
baseline CHH| area 66%, power 76% L2t 20% latency 7HME FHESIALCE =,
beamspace?} algorithm dimension= Z0|1 linked systolic dataflow?} 1 Z2 matrixE
=223t buffering 20| NEZ|SH=E FHE|0, algorithmic sparsity@} architecture-level
streaming0| M2 H2tz|= HEjo|Ct.

£ 2 Intelte 3730IA 3.17 mm22| core areaZ MZEEZAR2H 167H2| tile DSPLt
hub DSPE ZEgs{ 256x8 uplinkE X|&SHCE 0.9 V, 550 MHzO|A 16QAM detection
throughput 17.6 Gb/sE H-d5t11 687.6 mWE 2H|SH 39.1 pJ/bl| energy efficiencyE
HUCE 82| userd| CHSE channel estimation latency= 461 nsO|H, 7|& beamspace
ASIC CHH| O 2 antennaZ X|®SIHA weight calculationtX| S2tetCt XMXHS0| H]
wsh &2 MIMO detector CiH| detection throughput2 Z|CH 9.76Hf =11, abstract 7|&
OF area efficiencye Z[CH 6H =20 training latency= 1.7881 XLt O] ZIt&= 2D
beamspace®t tiled implementationO| L2 array2| routing/scaling =X7HX| &4 CHE
Ct= FolM 2o[7t ALt

#27-2 2 =22 massive MU-MIMO-OFDM uplinkO| A O{2{ subcarrier& SA|0f X 2|5}
soft-output detectorE A|QtetCt OFDMOAM = =8 7H2| subcarrierOtC} equalization
F&lsjof st22 Z+ subcarrier®] 2Bt preprocessing hardwareS SX|StH area®t
powerZ} Z4X| 11, BtCHE serial processing= EiSHH latency®@t buffering0| S 72t XX}

=2 0| 2HME silZAst7| {8 channel impulse response?t 2% dominant tap0fl &% &l
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Ct= frequency-domain correlation®, mmWave channelO| beamspaceO| Al sparsedtCh=
spatial propertyS SA|0| O|&%ICt &=, 2E subcarrier0l A LMMSE equalization matrix
E ZEHOZ AMSIX| %D LB basepointdf A ZH HEst preprocessings T F
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channel impulse response?t 2= dominant tapOl TFE7| WEO QAT OFDM
subcarrier@| channellt equalization matrix”t =2 frequency-domain correlationg #&=
Ct. m2tAM 2= subcarrier0l A LMMSE preprocessingg HtEsh= CHAl 27 strideDbCh
basepoint2t X& HASID FZt subcarrier@ parameters= interpolation2 2 M AME
ULt =M, mmWave channel2 beamspaceO| Al sparseSt2 2 antenna-domain received
signal2 spatial FFTE2 HH2t5tH signaldl equalization matrix2| energy?t 22 beamOf|
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BPU | W, — (HEH, + No/E)'HE ,_ Nyp-«noice var.
w w W s w P =
E,«symbol energy

u=1,...,U

2 = Y(WolHul) 3 Vo = 5 —

IPU I/r : basepoint subcarrier on the leftiright « := (w —1)/(r — 1)
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[C13 4] 16-subcarrier soft-output detector top-level architecture@} BPU/IPU/EQ/LLR dataflow

8 42| fabricated ASICZ 167H2| parallel soft-output detector coreE 0 1674
subcarriers SAI0] X2|BCE OIAIOA & subcarrier 1, 6, 11, 160| basepointO|H, 2



basepoint2| BPUZ} LMMSE equalization matrix W2t LLR H[4t0| 23t inverse bias term
2 post-equalization SINRS H-dStCE 21 AO| non-basepoint subcarrier= IPUZF EH$
basepointl| parameters X0 2t linear interpolation®tCt. 0|2 EQZF symbol
estimateS A4S LLR unitO] max-log approximation 7|8t9| soft outputS AL}
& expensive matrix preprocessinge Y5 basepointOf 2t EEA|Z|HME ZE subcarrier
Ol A soft-output detectiong |FXISHES architectureZt 8 E[0 A2, IPUZ} matrixE
column-by-column2E M2[5t7| [MZ0f interpolated subcarrierE I8t full matrix
storagek L& = QUCEL

BPUS| M2 Ux(U+1)/27H2] PEER T =l triangular systolic arrayO|3{ U=80|2 2 367{
©| PEZF Gram computation, Cholesky decomposition, forward substitution, backward
substitution®| Ul phaseE «AH 2= AT} PhaseOtCt HE acceleratorg FA| &
o =Y PEO O3 data port2t multiplexerE HiX|StO hardwareE IHAFESHH
controller?t dataflow® 7Z&tSICt Beamspace sparsity= EQ2F BPU WHES| signal

silencing2 2 2| dynamic power 2Z0| HZEICE & input magnitude?} threshold Of

St2l complex MACO M= register updateE 2f0F ALS skipStil, beamspace 2122| &
7tEl fixed-point bit-width =K== variable-point(VP) number formatd} FXP2VP/VP2FXP
conversions S8 2t3}stCt VP HERHO 2 fuylly fixed-point design CHH| 2F 8%2| area
7t E0{=C

Implementation2 GlobalFoundries 22FDX0{|A] O|FO0{& 1 core cell area= 1.3 mm20|LC},
64x8 MIMO, QPSKFE 256-QAM7ZHX| X|J5tH 0.8 VoA 286 mWE H[SIEHA 73
Gb/s throughputdt 39 pJ/b2| energy efficiencyE =St Nominal 0.8 VOA Z|C{ clock
frequency= & 755 MHzO|1l, forward body biasE AFESIH 900 MHz O[22 &&6
8.8 Gb/sE H+ throughput® 8 & UOL} leakage power?t S7t5H= trade-off7t
Ct. Table Il preprocessinge Z&5t= HlW Cf&E S0AM= throughputdt energy
efficiency?t 7t ot &2 HIEIC}

Hete FZHOA linear interpolation2 thEdt ZALE BLEX| =Lk FEE coded BLER
£ antenna-domain(AD) mode2} beamspace-domain(BD) mode =5 floating-point
brute-force baselinelt CHEE SANSHH, 71E 012{2 non-LoS 256-QAM EZAO|MEtE 5G
target®l 10% BLER X|HOIAM °f 1 dB2| &&0| LIEtICE Power ZEHOME= E=
subcarrierE basepoint2 X 2[5}= brute-force baseline CHH| interpolationO| 2.1HY
power reductiondt 3Hi area reduction® H|35t1, beamspace sparsityE O|&%t

silencingO| F7+2 Z[CH 1.4Hi power reductiong XM&SotH MANES=Z 2f 3H{C| power
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