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Monolithic Silicon-Photonics Linear-Algebra
Accelerators Enabling Next-Gen Massive MIMO

Tzu-Chien Hsueh
and Bill Lin

Abstract—A system-on-chip (SoC) photonic-electronic linear-
algebra accelerator with the features of wavelength-division-
multiplexing (WDM) based broadband photodetections and
high-dimensional matrix-inversion operations fabricated in ad-
vanced monolithic silicon-photonics (M-SiPh) semiconductor pro-
cess technology is proposed to achieve substantial leaps in
computation density and energy efficiency, including realistic con-
siderations of energy/area overhead due to electronic/photonic on-
chip conversions, integrations, and calibrations through holistic
co-design methodologies to support linear-detection based mas-
sive multiple-input multiple-output (MIMO) decoding technology
requiring the inversion of channel matrices and other emergent
applications limited by linear-algebra computation capacities.

Index Terms—Channel estimation, linear algebra, matrix-
matrix addition, matrix-inversion, matrix-matrix multiplication,
matrix-vector multiplication, microresonator, MIMO, monolithic
integration, optical comb, silicon photonics, WDM.

1. INTRODUCTION

HE newly available millimeter wave (mmWave) spec-
T trum in emerging 5G/6G wireless systems, coupled with
advanced multiuser massive multiple-input multiple-output
(MIMO) technology will make possible new wireless applica-
tions with massive throughput and robust low latency require-
ments in support of many-user mobility, including new wireless
extended reality (XR) experience for large group-based appli-
cations. Such advanced MIMO-based wireless XR platforms
will enable many users in large groups to freely roam through
common areas while jointly experiencing interactive, immersive
virtual, or mixed reality environments. While such wireless XR
experience has potentially many applications in training, educa-
tion, and entertainment, delivering such high resolution digital
XR experience requires tremendous data rates that necessitate
aggressive use of multiple antennas so that the required data
rates can be achieved by means of parallel data streams, but in
turn, the dimension of matrices involved in the MIMO decoding
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process increases substantially. In particular, linear-detection
based MIMO decoding approaches require the inversion of chan-
nel matrices that are estimated by the base-station at a timescale
fast enough to accurately capture potentially rapidly changing
channel conditions. Unfortunately, the matrix-inversion problem
has cubic complexity in the worst-case with M, the number of
users that need to be served simultaneously, making the per-
formance of conventional digital electronics approaches a key
limiting factor to the future scaling of massive MIMO systems.

To realize matrix-inversions on a single chiplet with mas-
sive computation capacities as mentioned, photonic comput-
ing through monolithic silicon-photonics (M-SiPh) fabrication
and integration [1], [2] is the primary integrated-circuit (IC)
fabrication platform of the proposed linear-algebra accelerator
based on the major evidence as follows: (I) Since demand-
ing data bandwidth requirements and the maturity of pho-
tonic IC developments, optical technology has been broadly
used for high-volume data communications [3], [4], [5], [6],
[71, [8]. Also, due to the advancement of massive MIMO far
outpacing the Moore’s law [9] and energy/area limitations of
classical von Neumann computing architectures, wavelength-
division-multiplexing (WDM) [10] based optical communica-
tion systems with on-chip optical devices and circuits, owning
inherent parallelism, high degree of connectivity, and speed-
of-light propagation, have been broadly adopted in the com-
putation tasks of linear-algebra calculations, passive Fourier
transforms [11], and matrix operations [9], [12], [13], [14],
[15], [16], [17], [18], [19] which exhibit superior photonic
computing performances in terms of bandwidth density, pro-
cessing latency, silicon area, and power consumption. (I) The
availability of commercial M-SiPh process technology, Glob-
alFoundries 45SPCLO [1], [2], offers an opportunity to ex-
plore holistic co-design methodologies leveraging complemen-
tary capabilities of CMOS electronics and photonics to break
through the development of computing systems currently at
a crossroad. Especially, the M-SiPh technology possesses the
capability of integrating all advanced electronic and photonic
devices/circuits required in the proposed linear-algebra accel-
erator on a single chiplet, which can tremendously minimize
the data-conversion and heterogeneous-interface overhead due
to I/O circuits, electrostatic-discharge (ESD) protection diodes,
chip bumps/pads, interposers, packages, and bonding-wires
among separate electronic and photonic dies. These inevitable
downsides of the heterogeneous integrations mostly have been
excluded in the performance metrics of photonic computing
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literature [9], [13], [14], [15], [16], [17], [18], [19], but
revealed by the limited computation scalabilities in their hard-
ware demonstrations. Note that the monolithic integration in this
paper only focuses on the interface between CMOS electronic
circuits and photonic devices within the proposed accelerator,
not between the optical comb source and the photonic acceler-
ator, which is another significant research topic and out of the
scope of this paper.

The goal of the proposed M-SiPh linear-algebra acceler-
ators is to practically implement a well-interfaced and en-
ergy/area efficient system-on-chip (SoC) with the functionali-
ties of high-dimensional matrix-vector multiplications (MVM),
matrix-matrix multiplications (MMM), matrix-matrix additions
(MMA), and eventually matrix-inversions (MI) for the wireless-
channel estimations in the next-generation massive MIMO. The
remainder of the paper is organized as follows. The background
of advanced massive MIMO is summarized in Section II. The
motivations for using M-SiPh technology and the MI approxima-
tion algorithm are elaborated in Section III. The architecture and
building-block functionalities with performance specifications
of an M-SiPh MVM accelerator are analyzed in Section IV. The
architecture scalability, parallelism, and realization of M-SiPh
MMM and final M-SiPh MI accelerators are described in Sec-
tions V and VI, respectively. The performance evaluation and
conclusion are summarized in Section VII.

II. BACKGROUND OF ADVANCED MASSIVE MIMO

Consider a large-scale uplink multiuser massive MIMO sys-
tem with N antennas at the base-station and M (< N) single
antenna users, each user transmitting a symbol from an m-QAM
constellation set. The resulting transmit vector is denoted by
X =[z1,29,... ,xM]T , and the received vector on the base-
station side is denoted by U = [uq, us, ... ,uN]T . The system
model for the MIMO uplink can be expressed as follows:

U=H- X+NOISE (1

where H is an N x M complex-value channel matrix, and
NOISE is an additive noise vector. The entries in both H
and NOISE are typically assumed to be independent and
identically distributed (i.i.d.) zero-mean unit-variance complex
Gaussian random variables.

In order to compute the soft-estimates in the form of logarithm
likelihood ratios (LLRs) for the coded bit streams, given H and
U, the linear detection method is often employed. This algorithm
first constructs an M x M Grammatrix Z = HY - H , so that
the linear detection estimation of the transmitted vector can be
computed as follows:

X=z"' HY.U )
III. CO-DESIGN OF MATRIX-INVERSIONS WITH M-SIPH
LINEAR-ALGEBRA ACCELERATORS

Although multiple prior works have developed photonic ac-
celerators in the field of neuromorphic computing for convo-
lutional neural networks (CNN) and recurrent neural networks
(RNN) [13], [14], [15], [16], [17], [18], [19], many challenges
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have to be addressed when utilizing photonic accelerators in
the applications of massive MIMO channel estimations requir-
ing high-dimensional MMM computations: (I) Prior work on
photonic accelerators for CNN and RNN mainly focused on
MVM computations with static weights whose matrix elements
are rarely reprogrammed once the training process has com-
pleted. However, the repetition process in a matrix-inversion
approximation algorithm (e.g., Neumann-series approximation)
is different: the degree of the approximation accuracy can be
enhanced by the repetition number of the algorithm execution
dynamically taking the previous repetition result as the input
of current repetition. (II) The MI calculations involve not only
a high-dimensional MMM but also MMA. If an MI accelera-
tor is implemented in a naive way with photonic MMM and
MMA independently, the linear projection of inputs and the
calculation of the scaled dot-products would require a certain
amount of data conversions between the electronic and photonic
domains back and forth. (IIT) Most of the prior work on photonic
accelerators assumed separate chip implementations for the
photonic and electronic parts with heterogeneous integrations,
which could incur expensive chip-to-chip communication hard-
ware and degrade the effectiveness of a photonic computing
approach to the linear-algebra acceleration as mentioned in
Section L.

The novelties and methodologies elaborated in Sections IV, V,
and VI aim to address these significant challenges by performing
MVM, MMM, and MMA purely in the photonic domain on
a single M-SiPh chiplet without intermediate optical mem-
ory and optical-to-electrical-to-optical (O/E/O) conversions to
demonstrate the feasibility of the M-SiPh linear-algebra acceler-
ator for supporting next-generation massive MIMO workloads
with two-layer enhancements of energy, area, and computation
throughput: (I) The cost reduction of end-to-end computations
across electronic and photonics domains through the M-SiPh in-
tegration. (II) The energy/area reduction through the hardware-
friendly MI approximation algorithm elaborated in the rest of
this section.

As shown in (2), the key computational bottleneck in the
MIMO linear detection process is computing the inverse of
Z. In particular, the computation of Z ! using exact inversion
methods, such as Cholesky decomposition [20], [21], requires
O(M?) operations, which is very expensive to realize in hard-
ware when an increasingly large number of users need to be
served simultaneously (i.e., with increasing M). Further, in
mmWave settings, channel conditions can change very rapidly,
making the need to perform the inversion of large matrices at
increasingly smaller timescales.

To scale to large values of M (e.g., M > 32) for massive
MIMO, this paper proposes a combination of photonic com-
puting to perform efficient MI calculations and algorithmic-
efficient approximation based on the Neumann series [22] to
obtain the MIresult with required accuracy. The Neumann-series
approximation approach exploits the property that Z is an almost
diagonal matrix in massive MIMO systems. In particular, Z can
be decomposed as Z = D + FE, where D is a diagonal matrix
with the diagonal entries of Z, and E is the off-diagonal part
of Z. Then, the Neumann series to compute the inverse can be
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Fig. 1. The system block diagram of the M-SiPh MVM accelerator.

expressed as:

k-1

=> (-D"-E)"-D!

n=0

~—1

Zy, 3)

where £ is the number of repetitions to be computed in the series,
and Z ;1 is the k-term approximationof Z~*.LetY [k] = Z ;1 ,
A = —D 'E,and B = D! .Then, (3) can be rewritten with
the following recurrence equation:

Y [k]= B+A-Y[k—1],Vk>1 @)

with Y [0] = 0. This recurrence computation can be iteratively
computed via repeated MMM and MMA operations.

In particular, this paper proposes to efficiently implement (4)
in M-SiPh for the Neumann-series approximation, specifically
the MMM and MMA, ie., “A-Y” and “B+” in (4),
respectively, in the photonic domain at the speed of light.
Besides accelerating the Neumann-series approximation
in M-SiPh process technology, the future work will also
explore other MIMO detection algorithms by means of the
proposed M-SiPh linear-algebra accelerator, including the
successive-over-relaxation [23], Gauss-Seidel [24], optimized
coordinated descent [25], conjugate-gradient [26], Richardson
[27], and Jacobi [28] methods.

IV. M-SIPH MATRIX-VECTOR MULTIPLICATIONS

A unified M-SiPh MVM accelerator serves as the primary
functional block of the M-SiPh MMM, MMA, and eventually
M-SiPh MI in the MIMO channel estimation with high degrees
of reconfigurability in terms of the internal matrix weights
and on-chip interconnections. The M-SiPh MVM function-
ality is basically realized by utilizing the high-order spatial
parallelism of light-waves and the concept of optical WDM
technique [10] as illustrated in Fig. 1. The M-SiPh MVM
accelerator consists of “M” L-bit high-speed vector digital-to-
analog data converters (HS-DAC), “M” low-power static power-
equalization DACs (EY-DAC), “M?” low-power static matrix
DACs (R2R-DAC), “M” transimpedance amplifiers (TIA) indi-
vidually followed by “M” L-bit analog-to-digital data converters
(ADC), digital registers, clock distribution, and discrete-time

Authorized licensed use limited to: Univ of Calif San Diego. Downloaded on

iteration mechanism in the electronic domain as well as “M”
vector micro-ring modulators (y-MRM) for the input vector
E/O conversion, “M” power-equalization micro-ring modu-
lators (e,-MRM) for equalizing all inconsistent light-power
generation/transmission/absorption gains, “M?” matrix micro-
ring modulators (a-MRM) for the matrix E/O conversion and
WDM-based MVM operations, “M” racetrack-resonator pho-
todetectors (RTR-PD), 1-to-M optical power splitter (O-PS),
and waveguides (blue lines) in the photonic domain.

The M-by-1 input vector is denoted by Y p;1 with its ele-
ments y;, i =1 ... M; the M-by-1 output vector is denoted by
(AY),,,, with its elements (ay);, i = 1 ... M; the M-by-M
primary matrix is denoted by Ajps.ns with its elements ajj,
iand j = 1 ... M respectively. Mathematically, this MVM
functionality is expressed as Aprxar - Y rx1 = (AY )0 -
The operational timings of input and output vectors are both
managed by the electronic circuits in the digital domain for the
seamless compatibility and interface-relation between the M-
SiPh accelerator and other on-chip digital application-specific
integrated-circuits (ASIC), processors, lookup tables, and mem-
ory. The circuit and interconnection details of the 1st MVM row
from the input y; to output (ay); within the M-SiPh MVM accel-
erator is shown in Fig. 2 and further elaborated in the following
sub-sections. Note that the clock period per MVM operation,
setting the computation speed and throughput, is determined by
the signal propagation latency from the clock edge launching the
computation data input from each HS-DAC through the MRMs,
O-PS, WDM-based MVM operation, RTR-PD, TIA, to the ADC
data output sampled by the next clock edge. Therefore, the
bandwidths of all electronic and photonic circuits/devices within
this critical signal path aggregately decide the limitations of the
clock period and eventually computation throughput (MAC/s)
of this M-SiPh MVM accelerator, which is dominated by the
electronic circuits analyzed in the following sub-sections as well.

A. Optical WDM-Based MVM Architecture

The M-SiPh MVM functionality is established on the the-
ory and concept of optical WDM incoherent data transmission
technique [3], [6], [10]. The data carriers are “M” of laser
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The zoom-in version of the 1st M-SiPh MVM row from the input y; <3:0> to output (ay); <3:0> with detailed circuits, interconnections, and clocking

relation among the EY-DAC, HS-DAC, R2R-DACs, MRMs, RTR-PD, and post-fabrication trimming mechanism.

light-waves with individual wavelengths A;,i=1 ... M, injected
from an external (off-chip) laser comb source through an on-chip
grating coupler into a single waveguide as shown in the left of
Fig. 1, where each wavelength X; is modulated twice on the input
waveguide by e,-MRM; and y-MRM; for light-wave power
equalization and E/O conversion, respectively. Each e,-MRM;
is statically driven by the power equalization code ey;<2:0>
through its EY-DAC;, which is a low-power and low dynamic-
range (DR) 3-bit R2R-DAC elaborated in Section IV-C, to
compensate for the inconsistent A; power variations in the range
from —2.6 dB to 0 dB due to the non-flatten frequency combs
(from —1.8 dB to 0 dB) and residual transmission power-gain
errors (from —0.8 dB to 0 dB) after the MRM and RTR-PD
thermal tuning processes described in Section IV-H.

After the calibration process for the default power equaliza-
tion with pre-defined WDM spectrum spacing between adjacent
wavelengths, all light-waves are individually and sequentially
modulated by the vector MRMs y-MRM,; driven by HS-DAC;,
i=1 ... M, so that each y; of the input data vector Y p;1

from the electronic domain is correspondingly converted into
the light-wave power of A; linearly proportional to y; with a
consistent scalar across all i = 1 ... M, which are the E/O
conversion processes. At the input of the O-PS in Fig. 1, the
aggregate light-wave power is proportional to Zf” [: 1yi = (1
+ y2 + y3 + -+ + yu). Since the O-PS evenly splits this
aggregate light-wave power into its “AM/” fan-outs, the light-wave
powers in the waveguides of all MVM rows shall be identical
and proportional to ZJMZ Y/ M= (y1 4+ y2 +ys+ o+
ym)/M. Note that the wavelength index for the “i-th” MVM
row is “j” not “i”.

After the O-PS, the light-wave powers of all ;,j=1 ... M, in
the i-th MVM row will individually and sequentially go through
the power modulation effects of “A/” MRMs (i.e., a-MRM;;, j =
1 ... M). Again, each a-MRM;; driven by aj; can only modulate
the A; light-wave power (o< y;/M ) when the indexes j of a;; and y;
are matched. For instance, as shown in the bottom of Fig. 2 for the
Istrow (i = 1) of the MVM operation, all A; light-wave powers
(o ZJM: 1 vi/M) together pass through the power modulation
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effect of a-MRMj; (j = 1), but only XA, light-wave power (oc
y1/M) gets modulated to be proportional to (aj; -y;). The rest
of A;,j =2 ... M, light-wave powers can be all-pass filtered
through a-MRM;; without any power change. After passing
through all a-MRMy;, j = 1 ... M, all A; light-wave powers
in the 1st MVM row can be respectively modulated based on
aij, j = 1 ... M, at the speed of light. At the input port of
RTR-PD;, the aggregate power on the 1st waveguide becomes
proportional to Zj\il ajy; = (arr-yr + aj-y2 + ajz-ys +

- 4+ a;pm-ym) = (ay);, which can represent the equivalent
dot-product of the input vector Y 5;4; and the 1st-row vector
of matrix Apsy . By replicating the same process across all
row vectors of A s, s in parallel, the total light-wave power of
each MVM row can be eventually proportional to (ay); with a
consistent scalar across alli =1 ... M. After the following O/E
and A/D conversions through RTR-PD; and ADC;, respectively,
the MVM operation is essentially completed and all elements
(ay)i,i=1 ... M, of output vector (AY),,,, is sampled and
digitally preserved in the electronic domain.

Both WDM-based communication and computation systems
rely on multi-wavelengths simultaneously carrying data infor-
mation through a communication channel to maximize data
communication and computation capacity, respectively. Mean-
while, they have two major differences: (I) WDM-based com-
munication modulates each light-wave power once for the pur-
pose of E/O conversion, but WDM-based computation needs
to modulate each light-wave power at least twice to perform
the E/O conversions and then the equivalent operation of mul-
tiplications. (II) The light-wave power detections in WDM-
based communication are designated to distinguish individual
light-wave powers for recovering the data information carried
by each light-wave. Although WDM-based computation only
needs to detect the aggregate light-wave power instead of in-
dividuals, the wavelength isolations across the WDM spec-
trum still have to be well maintained since the multiplication
operations are done by independent light-wave power mod-
ulations in the presence of all light-waves. In addition, the
equivalent summation of the dot-products requires consistent
power-absorption photodetections across the entire WDM spec-
trum to maintain the computation linearity during the O/E
conversions. These two major differences between WDM-based
communication and computation determine the E/O/E modula-
tion/detection speeds and D/A/D data resolutions of these two
systems.

B. High-Speed Digital-to-Analog Converters

In the high-speed computation path, each element y; of the
input vector Y psy; denoted by L-bit digital data is firstly
converted into an analog voltage-level through HS-DAC; to
drive y-MRM,; for A; light-wave power modulation as the E/O
conversion process; i.e., a 2F-level pulse-amplitude modulation
(PAM-2%) followed by an electrical-voltage to optical-power
converter. Within the maximized E/O DR, the issue of non-
linear MRM transmission power-gain across all possible 2
voltage-levels can be alleviated by adding one calibration bit
in HS-DAC; with a symbol-rate digital calibration encoder to
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map the incoming L-bit y; data to (L+1)-bit y’; data for better
E/O conversion linearity while maintaining the same amount
of 2% voltage-levels, not 2%, at the HS-DAC; output. This
E/O linearity improvement technique is further discussed in
Section IV-D.

Every HS-DAC is realized by a large-swing voltage-mode
source-series terminated (SST) driver architecture [29] to reach
up to GHz sampling rates, low static-power consumption, and
rail-to-rail voltage driving capability for maximizing the light-
wave power modulation DR of each corresponding MRM.
As shown in the left of Fig. 2, the binary-weighted driver-
segments driven by y’;<3:-1> in HS-DAC; have identical
architecture but are reciprocally scaled according to their own
series-resistors. For instance, the driver-segment of y’; <3> is
formed by sixteen driver-segments of y’;<-1>. According to
the binary data of y’; <3:-1>, some driver-segments short their
series-resistors to Vppy through the cascode push-up PMOS
transistors, and the rest to GND through the cascode pull-down
NMOS transistors. Equivalently, all the parallel push-pull resis-
tances between Vppp and GND together form a voltage-divider
at the HS-DAC; output, which controls the reverse biased volt-
age (V,MrM — Vy-mrM1) of the y-MRM; P/N junction used to
modulate the A; transmission power. Note that the AC-coupled
level-shifters are required for push-pull pre-drivers as shown in
the top-left of Fig. 2 [3] to enable high-speed single-stage 2x
voltage level-shifting from Vpp regular digital supply to Vppy
high-voltage supply. To maximize the E/O DR up to Vppy and
satisfy 45-nm CMOS reliability requirements in 45SPCLO, the
AC-coupled level-shifters and cascode push-pull driver archi-
tecture are necessary to maintain all transistors operating within
the 1.2-V terminal-to-terminal voltages.

The speed and bandwidth specifications of HS-DAC; are
based on two aspects: (I) The circuit latency from the clock
edge of the y’; <3:-1> register (or DFF) to the cascode push-pull
drivers, including the delays of DFF clock-to-output, digital
buffers, AC-coupled level-shifters, and push-pull pre-drivers, is
about 100 ps in 45SPCLO. This circuit latency of HS-DAC;
can be lst-orderly canceled by delaying the sampling clock
edge of the ADC; accordingly. (I) The RC time-constant of
the HS-DAC; output network is determined by the driver AC
resistance = (31-Ryg/16 || 31-Rpzs/8 || 31-Ryps/4 || 31-Rus/2 ||
31-Rps) = Rys and equivalent lump capacitance contributed
by the transistors, resistors, and y-MRM;j, Cyis.pac + CvrM ~
30 fF [7]. For 2-GSym/s, 4-bit, and 2.4-V DR data, if HS-DAC;
should spend < 200 ps settling its output to a static voltage
level within a half least-significant-bit (LSB/2) of the 4-bit DR,
i.e., exp(=200-ps/T) < 1/(2**t1). Then, the time-constant of the
HS-DAC; output network, 7 = Ry - 30-fF, needs to be < 58 ps,
and thus Ryg should be < 58-ps/30-fF =~ 2 k). In other words,
if this D/A conversion time is designed to spend < 200 ps out
of the 500-ps clock-period budget, this bandwidth specification
leads to the result of Ryyg < 2 k€2 and corresponding static power
consumption discussed below.

Both dynamic and static power consumptions of each HS-
DAC shall be considered: (I) The digital logics, including the
DFFs, calibration encoder, data buffers, push-pull pre-drivers,
and cascode voltage-mode drivers consume around 2.2-mW
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dynamic power at 2-GSamp/s following the convention of
Cload* Vsupply folock/2 with the assumption of 50% logical-
HIGH and 50% logical-LOW data pattern per digital gate during
the regular MVM operations. (I) The static power consumption
is mainly due to the DC current path from Vppy to GND of the
voltage-divider formed by the parallel push-pull P/N transistors
and series-resistors as mentioned. Note that although the driver
AC resistance Ryyg stays constant, the DC path resistance from
Vppu to GND is data-dependent. Again, if the data patterns
of y; with corresponding HS-DAC; output voltage-levels are
uniformly occurred between GND to Vppy during the regular
MVM operations, the average static power consumption per
HS-DAC can be derived as follows:

SE (k=1 (25— k)
oLl (oL —1)?

If L =4 bits, Ryg ~ 2k, and Vppy = 2.4 V as shown in Fig. 2,
each HS-DAC would consume 0.45-mW static power and total
2.65 mW on average when the dynamic power is also included.

Including the cascode voltage-mode drivers, push-pull pre-
drivers, unsilicided poly-resistors, calibration encoder, and dig-
ital logics for resetting the initial conditions of the AC-coupled
level-shifters [3], the active silicon area of HS-DAC; is around
100-um x20-um.

2
Vobu
Rps

&)

Pyps.pac,st =

C. Low-Power R2R Digital-to-Analog Converters

The multiplication of each input vector-element and matrix-
element ajj-y; in the photonic domain is realized by the sec-
ondary light-wave power modulation to provide a transmission
power-gain proportional to a;; on the top of the A; light-wave
whose power has been pre-modulated and split to be proportional
to y;/M in the i-th waveguide. In other words, after y; is E/O con-
verted through HS-DAC; and y-MRM,; and then evenly power
split into the i-th MVM row, the element-to-element multipli-
cation is done by another light-wave power modulation through
R2R-DAC;; and a-MRM;j; only effective to the A; light-wave
power. Apparently, R2R-DAC;; is used to convert the digital
multiplicand aj; to its corresponding voltage-level for setting the
transmission power-gain of a-MRM;;, which is the same D/A
and E/O operations in Section IV-B. Note that the bandwidth
of R2R-DAC;; for converting aj; is not critical since the value
of the matrix A ;s has been pre-determined and stays static
during the regular MVM operations as described in Section III
for the Neumann-series approximation. This fact beneficially
allows the use of low-power small-area R-2R voltage-divider
architecture [30] to implement M ? of DACs with M2 of MRMs
on a single chiplet for such a high-dimensional M-SiPh MVM
accelerator as shown in Fig. 1.

Similar to the linearization technique used in HS-DAC;, the
nonlinear transmission power-gain of a-MRM;; across all 2-
voltage-levels is alleviated by adding one calibration bit, so
R2R-DAC;; with a digital calibration encoder can map the L-bit
aj; to (L+1)-bit a’;; to enhance the E/O conversion linearity
and maintain the same amount of 2% voltage-levels, not pL+1
R2R-DAC;; shown in Fig. 2 is built by alternating series-R and
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shunt-2R resistances with push-pull cascode drivers to perform
a voltage-divider driving the capacitive electrode of a-MRMj;.
This R-2R voltage-divider architecture is very beneficial to
energy/area efficiency by taking advantage of the static op-
eration, low-bandwidth requirement, and minimal amounts of
resistors/transistors to generate all required voltage-levels.

The circuit implementation of each shunt-2R segment in
R2R-DAC;; is similar to the driver segment in HS-DAC;, which
utilizes a large-swing voltage-mode driver architecture with
push-pull cascode transistors to short the 2-Ry; resistor in each
segment to Vppy or GND. By taking advantage of the low-
bandwidth operation, the push-up PMOS transistor can be driven
by a two-stage static level-shifter as shown in the top-right of
Fig. 2 to accommodate the E/O DR up to 2.4 V and maintain
45-nm CMOS reliability in 45SPCLO with negligible power
consumption. The primary power consumption is the static
current in the voltage-dividers formed by the R-2R network
according to the digital multiplicand a;;. To express the average
static power consumption of R2R-DAC;;, multiple indexes and
variables are pre-defined as follows: “i” and “j” are row and
column indexes of the matrix, respectively, but do not involve
in the power calculation; k = 1 ... 2% is the voltage-level
index; p = 1 ... L is the circuit-node index, q = 1 ... L is
the Kirchhoff’s Voltage Law (KVL) superposition index of the
“p-th” circuit-node; Ry is the R-2R unit-resistor as shown in
Fig. 2; R, = (Gp/Hp)-Ry is the one-side equivalent resistance
of the “p-th” circuit-node; G, and Hy, are integers; G,/H, forms
the simplest fraction; Vi ;, is the KVL superposition voltage of
the “p-th” circuit-node with its “k-th” voltage-level. If the digital
values of all a;; and their own R2R-DAC;; output voltage-levels
are uniformly distributed between GND to Vppy across the
entire matrix Az, s, the average static power per R2R-DAC
can be derived as follows:

Gi=1H =0= R =o00,p=1

R,=R, 1||(2Ry)+ Ry =

H,

p

'RU,pZQ...L

anp
Vopr

min[G,, Gg] k=1... 2"
opta-1 7 p =1...L

L
:Z Aij.k _q

Pror-pAC,ST

V"yp
- Vion Zk—l —1 aij i {L—p) (1_ VDkDH) (6)

Ry oL+1

IfL =4 bitS, RU ~ 5 MQ, VDDH =24 V, RZR—DAClJ
consumes about 7.2 pW. For a small silicon area and large
resistance, each 2-Ry is implemented by four stacked P/N
parallel diode-connected transistors operated in sub-threshold-
region transistors [31] as active-resistor templates shown in the
top-right of Fig. 2. Although the temperature coefficients and
process-corner variations of these active resistors are relatively
high, their resistance ratios in the R-2R network are actually
tolerable within the 4-bit accuracy requirement. However, the
nonlinearity due to data-dependent terminal voltages across
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Fig. 3. (a) The transmission responses of a-MRM;;, j = 1

... M (or y-MRM;, i =1

m=m Waveguide
mm SiGe Layer

P-type Region/Contact
N-type Region/Contact

(b)

... M, when A is replaced with A;), and the absorption responses of

RTR-PD;. (b) The conceptual geometries and configurations of MRMs, MRR-PD, and RTR-PD;.

these active resistors requires extra attention. For instance, the
2-Ry between Vy 4 and Vi 4 in Fig. 2 is data-dependent because
V.4 can be short to either Vppg or GND so Vi 4 can vary
from GND to (85/128)-Vpppn according to the Vi ;, formula
in (6). This issue can be alleviated by the complimentary sub-
threshold-region P/N active-resistor architecture: (I) If Vi 4 =
Vppu > Vi 4, the sub-threshold biases are 0 < [Vgs pmos| <
Vin,pmos and Vasnmos = 0. (ID If Vi gy = GND < Vg,
the sub-threshold biases are 0 < [Vgs nmos| < Vin,nmos and
Veas pvmos = 0. In either case, the sub-threshold biases of the
P/N transistor are always complimentary to cancel the first-order
nonlinearity due to the data-dependent active resistance. In
addition, the nonlinearity due to 2" possible Vi ,, values based
on aj;<3:0> can be calibrated by the additional bitina’;;<<3:-1>
together with the a-MRMj; nonlinear transmission power-gain
calibration discussed in Section IV-D.

Including the cascode voltage-mode drivers, push-up level-
shifters, sub-threshold-region active resistors, and calibration
encoder, the silicon area of RZR-DAC;; is about 20-74m x 20-pm.

D. Micro-Ring Modulators and E/O Conversion Linearity

Once an input vector-element or matrix-element (y; or aj;) is
converted to a voltage-level through HS-DAC; or R2R-DAC;;
at the P-type electrode of their corresponding y-MRM,; or a-
MRM;j;, the power of the A; or A; light-wave located within
the MRM resonance bandwidth can be effectively modulated
based on the voltage delta (i.e., the reverse bias of the MRM
P/N junction) between the N-type (i.e., Vg,mrwm in Fig. 2) and
P-type (i.e., HS-DAC; or R2R-DAC;; output voltage) electrodes
of the y-MRM; or a-MRM;;, respectively.

The radius rj; design of a-MRM;; (or r; of y-MRM;) in the
whole WDM spectrum needs to satisfy at two fundamental
requirements: (I) The minimum free spectral range (FSR) is
determined by the number of the WDM wavelengths M and
all WDM isolation spacing AAwpwm j between adjacent A; [32]
as shown in the top of Fig. 3(a). (II) The a-MRM;; resonance
wavelength A; under a particular resonance mode integer mj is

based on its effective refractive index neg(2;), silicon propa-
gation constant 3(1;), and ring circumference L; = 27-1; i.e.,
if a resonance condition is satisfied for the MRM cavity L, a
constructive interference is established by a certain wavelength
having its round-trip phase shift equal to an integer multiple of
27 [33]. These two fundamental requirements are expressed in
(7) and (8) as follows:

22 M
Ahpspi=——3 >N AL :
FSR,j g () -2m o, — Z W DM,
Jj=1
12
=7 < J (7
DT g () 2m - M Adwp,
27
2m-my =B (hg) - Lj = 5= megy (Ag) - 2m 15
J
)\'.
= J 8)

= M
T 2menggy (Ay)

Alpsr,;j is the FSR of a-MRM;jj; ng(A;) is the silicon group
index; 27/A; is the free-space propagation constant; A; presents
the free-space resonance wavelength of a-MRM;; though the
light-wave propagates in the silicon. An example for determining
the radius rj of a-MRM,; is elaborated in the rest of this sub-
section as the initial design point without considering any post-
process trimming or thermal control.

Since the wavelength-spectrum bandwidth in the silicon of
45SPCLO is in the range from 1180 nm to 1550 nm [6], and
the MRM quality-factor Q is higher than 10, 000 [6], the WDM
isolation spacing Alwpwm,j across M = 32 wavelengths can
be set to 0.5 nm to ensure the channel-to-channel crosstalk
power ratio is less than —28.31 dB (= 0.0384) and within one
LSB (= 0.0625) of the 4-bit data detection requirement, and
the maximum WDM wavelength A3s is set to 1550 nm in this
example. Note that the exact 32 resonance wavelengths 4;, j =
1 ... 32, distributed from 1534.5 nm to 1550 nm and 32 isolation
spacing AAwpm,j,j =1 ... 32, slightly varying from 0.49 nm to
0.51 nm listed in Table I are determined by the design equation
of the broadband RTR-PD discussed in Section IV-E actually.
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TABLE I
DESIGN TRADEOFF EXAMPLES AMONG MVM DIMENSIONS, WDM CROSSTALK, AND MRM FABRICATION ERRORS

M nerr(A) ny(Ay) MRTRj Lere: Ai Ahwpw m; iy Alis/1
ji=1..M i=1..M j=1..M i ji=1..M i=1..M j=1..M ji=1..M Error Scale
32 | 3.74~3.73 | 5.02~4.98 | 2321~2290 951.32 um 1534.5~1550nm | 0.49~0.51 nm 71 0or72 4.63 ~4.76 pum 1x
32 | 376 ~3.73 | 5.06~4.98 1160 ~ 1129 | 469.01 um 1519.0 ~ 1550 nm | 0.97 ~1.03 nm 350r 36 2.25~2.38 um 2x
16 | 3.74~3.73 | 5.02~4.98 1160 ~ 1145 475.66 um 1535.0~ 1550 nm | 0.99 ~1.01 nm 710r72 4.63 ~4.76 pm 1x
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Fig. 4. (a) The transmission responses of a-MRM7; modulated by a 4-bit linear DAC. (b) The transfer curves of aj; <3:0> vs. 4-bit nonlinear (black) and

linearized (blue) E/O conversions on a dB scale. (¢) The deterministic DNL of the 4-bit nonlinear (black) and linearized (blue) E/O conversions. (d) The transmission
responses of a-MRM7; modulated by a 4-bit nonlinear DAC for the linearization. (e) The identical transfer curves shown in (b) but on a linear scale. (f) The
deterministic INL of the 4-bit nonlinear (black) and linearized (blue) E/O conversions.

Therefore, based on all designated Aj, AAwpm,j, Negr(A;), and
ng(A;) from the RTR-PD specification, the FSRs of all a-MRMj;
must satisfy the requirement of Alpgr j > 32:0.5 nm = 16 nm,
so the upper bound of rj can be determined according to (7).
Then, by picking proper mode integer mj, rj of a-MRM;;, j = 1
... M, can be obtained based on (8), which are in the range from
4.63 pum to 4.76 pm in this example. By setting different values
of “M” and targeted AAwpn,j, the design tradeoffs among
the MVM dimension, WDM crosstalk, and MRM fabrication
error are summarized in Table I including three scenarios.
The 1st case has the worst WDM crosstalk due to the smallest
Alwpwm,j. The 2nd case has the worst MRM fabrication error oc
(27 Aty )/(27 - 1) where 27 - Aryyys S the circumference error
of a-MRM; induced by random process variation. The 3rd case
has the worst computation throughput because of the smallest
value of “M” out of these three scenarios. Overall, including
the central ring area and peripheral keep-out halo, the silicon
area of a-MRM;; or y-MRM; can be within a 20-umx20-pm
tile. Note that if the 45SPCLO process technology in the future
can be enabled to incorporate the design techniques of [34]
and [35], for example, into the design libraries and device
parameters, the MRM performance can be potentially further
optimized and improved.

The linearity issue of the E/O conversion process in the
M-SiPh accelerator is extremely crucial. In particular, the deter-
ministic nonlinearity is primarily induced by the sigmoid-like
high-Q power transmission response, illustrated in Fig. 4(a) as
the zoom-in version of Fig. 3(a) for a-MRM;; and simulated
by the MRM models in Verilog-A [36], [37], although the
transmission resonance can be linearly shifted with the reverse
bias driven by a linear DAC.

For instance, the wavelength of A; light-wave, whose power
carries y;<3:0> information, is designed at 1534.5 nm to
match the resonance wavelength of a-MRM;; under a cer-
tain reverse bias generated by a linear 4-bit DAC when
a11<3:0> = <0000>. Then, the a-MRM; resonance wave-
length and transmission response can be horizontally shifted at
aconstant rate of 0.04 nm/V when any one of the rest 15 possible
reverse biases is generated by this linear 4-bit DAC according
to a1 <3:0> varying between <0001> and <1111> as shown
in Fig. 4(a). Unfortunately, this horizontally linear shift causes
the power attenuation (i.e., power gain < 1) of the A, light-wave
nonlinearly distributed across the vertical E/O DR as marked
by black triangles in Fig. 4(a) and (b) on a dB scale. The same
a11<3:0> vs. E/O conversion curves are also shown in Fig. 4(e)
but on a linear scale for the sake of linearity demonstration. To
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alleviate this nonlinear power modulation on the A, light-wave,
an additional calibration bit is added to basically perform a 5-bit
linear DAC and generate 32 reverse-bias options so that the
encoder and calibration logic can pick 16 out of 32 reverse biases
to linearize the E/O transfer curve as marked by the blue circles
in Fig. 4(b) and (e). Equivalently, all 16 values of a;; <3:0> are
nonlinearly mapped to 16 values of a’1;<3:-1> to inversely
cancel the nonlinear power gain effect of the MRM and to
eventually obtain better linearity in the E/O conversion. In other
words, a;1<3:0> is mapped to 16 out of 32 of a’1;<3:-1> to
shift the transmission response nonlinearly as shown in Fig. 4(d),
so that the power attenuation of A; light-wave based on the
values of a;; <3:0> relatively has better linearity. The linearity
improvement of this technique is quantified by the deterministic
E/O differential nonlinearity (DNL) and integral nonlinearity
(INL) in Fig. 4(c) and (f), respectively, which are both reduced
down to within +L.SB/2 of the 4-bit E/O conversion process.

E. Racetrack-Resonator Photodetectors and O/E Conversions

The monolithic SiPh fabrication technology brings tremen-
dous improvements to the integration and energy efficiency of
electronic-photonic circuits and systems. However, the major
downsides are the sub-optimized photonic characteristics due to
zero change to the underlying CMOS process [8]. A solution uti-
lizing the property of resonance amplification has been proposed
to boost the responsivity of a micro-ring-resonator (MRR) based
photodetection up to 0.55 A/W [7], [38] in this process. Unfortu-
nately, because of the single wavelength selectivity of an MRR,
this solution is only helpful to the WDM-based communication
requiring to distinguish the powers of individual wavelengths as
discussed in Section I'V-A.

To boost the PD efficiency in 45SPCLO and simultaneously
detect the aggregate light-wave power of all wavelengths used in
the WDM-based computation for the proposed M-SiPh MVM
accelerator, a broadband racetrack-resonator (RTR) [39] based
PDis adopted as shown in Figs. 1,2, and 3. The concepts of RTRs
and MRRs are basically identical, but the dimensions of their
resonance cavities and corresponding FSRs are quite different.
As shown in Fig. 3(b), if the waveguide widths and gaps of
the MRR and RTR are identical, their resonance-cavity lengths,
L; and Lgrr,, are the key design parameters for the power
transmission and absorption responses.

This paragraph lists three examples to clarify the difference
between power transmission and absorption based on the con-
cept of resonance effect since both play key roles in the E/O
and O/E conversions of the M-SiPh accelerators. As shown
in the top-left of Fig. 3(b) for the 1st case, a certain amount
of light-wave power of a certain wavelength from the Input
port of an MRR is coupled into the resonance cavity (i.e., ring
waveguide) of the MRR according to the reverse bias of the MRR
P/N junction. Ideally, the light-wave power coupled into the
resonance cavity can get amplified due to the resonance effect,
and the residual light-wave power is transmitted to the Through
port of this MRR. The MRR in this case is essentially configured
as an MRM, and the reverse bias controls the refractive index
neg of the ring waveguide to shift the wavelength of the critical
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coupling as discussed in Section IV-D. The power transmission
response is defined by the ratio of the Through-port to Input-port
powers. The light-wave power resonating in the MRR resonance
cavity can be utilized in two different ways. As shown in the
top-middle of Fig. 3(b) for the 2nd case, if another straight wave-
guide offers the Drop port for the MRR, the light-wave power
in the resonance cavity can be further coupled to the Drop port
and transmitted. The MRM with a Drop-port configuration is
useful to the WDM-based communication receivers discussed in
Section IV-A and M-SiPh MMA elaborated in Section VIrequir-
ing to extract the information carried by a certain wavelength. In
this case, the power transmission response is defined by the ratio
of the Drop-port to Input-port powers. As shown in the top-right
of Fig. 3(b) for the 3rd case, instead of adding a Drop port, a
SiGe layer (highlighted in olive green) is added between the ring
waveguide and interleaved P/N junctions so that the amplified
light-wave power in the resonance cavity can be effectively
absorbed by the P/N junction to stimulate electron-hole pairs for
generating a photocurrent, which is similar to a linear PD but
exploits the power amplification of the resonance effect to boost
the equivalent photodetection responsivity [38]. In this case, the
power absorption response is defined by the ratio of the absorbed
power to Input-port power. Note that, in the 3rd case, the reverse
bias of the P/N junction simultaneously affects the MRR critical
coupling condition and PD responsivity. However, a single bias
usually cannot meet the criteria for both, so the thermal control
mechanism discussed in Section IV-H is necessarily required
to provide an additional control knob for calibrating the critical
coupling condition when the reverse bias is used for maximizing
the responsivity to reach overall optimized power absorption.

For the M-SiPh MVM accelerator, an RTR-PD has to not only
boost its O/E responsivity but also absorb all light-wave powers
across the whole WDM spectrum as shown in the bottoms of
Fig. 3(a) and (b). In other words, the RTR-PD; resonance cavity
simultaneously establishes constructive interferences with all A;
wavelengths so that each MVM dot-product result carried by all
Aj light-wave powers in each MVM row can be altogether ab-
sorbed by the P/N junction underneath the racetrack waveguide
through the SiGe layer. On the condition of critical coupling
across all A, the aggregate optical power received by RTR-PD; is
the linear summation of all A; power amplified by the concurrent
multi-wavelength resonances in the common racetrack cavity,
which is the key idea of enhancing O/E responsivity for the
broadband photodetection as follows:

M
. Z )"] : Ptrans»MRM,ij (aij)
1 Mg ()L])

Jj=

QRTR,i
7 LRTR,

Pavsorv-RTR,i =

©)

To reach a consistent power absorption gain for all WDM
wavelengths as shown in the bottom of Fig. 3(a), the perimeter
LrrRr,i of RTR-PD; for the whole WDM spectrum needs to meet
two fundamental requirements: (I) The FSR AApsgr-rrR,j Of
each resonance wavelength A; determines each WDM isolation
spacing Aiwpw,j [32]. (II) Every resonance wavelength A;
under a particular resonance mode integer mgrgj is based on its
effective refractive index neg(4;), silicon propagation constant
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B(x;), and the common perimeter LgTr i = 27 TRTR,i + 2'SRTR,i
[33]. These two requirements are expressed in (10) and (11) as
follows:

2
Aj
ng (Aj) - LrTR,j
2
A

ng (A;) - Alwpm,j

AAFSR-RTR,j = = Alwpm,j

= LrrRi= (10)
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After combining (10) and (11), all resonance wavelengths A;, j =
1 ... M, of the WDM spectrum are determined by the resonance

mode requirements of RTR-PD; as follows:

= LrrRri= 11
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Because all constructive interferences simultaneously occur in
the same resonance cavity Lgrrr. i, the only way to distinguish
“M” resonance wavelengths A; by (11) with a common LgTg
is done by assigning “M” individual mggr, j =1 ... M. In
sum, the value of “M” and the requirements of (10), (11), and
(12) determine the distribution of A; and Alwpwm,; of the WDM
wavelength spectrum for the MVM operation; then the laser
wavelengths and the radii of all y-MRM; and a-MRM; described
in Section I'V-D shall be designed correspondingly to match the
power transmission and absorption spectrums as illustrated in
Fig. 3(a).

In Fig. 3(a) and Table I, the consecutive integer mgrR.j, ] =
1 ... 32, are chosen from 2321 down to 2290 so that A; and
Adwpm,j, j = 1 ... 32, can reach the targeted 0.5-nm WDM
isolation spacing with Lrrr,; = 951.32 yum. About the footprint
of RTR-PD; shown in the bottom of Fig. 3(b), if the radius rrr
of the left/right-end half-circles is set to 5 um, the length sgr ;
of the top/bottom straight waveguides is 459.95 pm. Overall,
including the primary racetrack-resonator and peripheral keep-
outhalo, the silicon area of RTR-PD; is within a 480-xmx20-pm
tile.

E Transimpedance Amplifiers, Single-Ended-to-Differential
Amplifiers and Analog-to-Digital Data Converters

After the dot-product (ay); converted from the aggregate
light-wave power to a photocurrent in the electronic domain
through RTR-PD;, the following TIA;, single-end-to-differential
amplifier (S2D-AMP;), and ADC; as illustrated in Fig. 5, further
convert the format of (ay); from the photocurrent to an L-bit
digital word, where the entire MVM operation is basically
completed.

The st stage, TIA;, in Fig. 5 is a voltage-to-current feedback-
amplifier architecture, whose feedforward path is a compli-
mentary P/N transconductance (G, 1A = @m,p + Zm,n) Stage
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RTR-PD, TIA, S2D-AMP, ADC;
—— i oF * 0<3:05]—> (ay)<3:0>
(ay)i>— A
L cwk
1.5V 1.5V

Replica Bias
1.2V

Fig.5. The block diagram of each M-SiPh MVM dot-product O/E conversion
circuit, and the schematics of TIA; and S2D-AMP;.

formed by a pair of P/N transistors conducting a self-biased DC
current from Vpp to GND, and the feedback path is a resistor Rp
playing the key role of the TIA gain, bandwidth, and input/output
impedance with Gy, t1a. Because of the high-bandwidth and
low-power characteristics, this TIA architecture has been widely
used in high-speed optical receiver front-ends [5], [40]. Its
simplified output resistance Ryya, transfer function TFry4 (),
and average input-referred noise power spectrum density (PSD)
Ifhin,TI A [40] are summarized as follows:

Rp
1+ Gmrria- Rr

RT[A ~ (13)

~ Gmrra-Rr-Rria
1+s-Rrra-Cria

v 1
Gmria G opra- Rria
(15)

TFT[A (S) ~ (14)

2 -k - T
R}

2 ~
In,in,TIA ~

where Boltzmann constant £ = 1.38x1072* J/K; thermal dy-
namic temperature T = 300 K; excess noise coefficient for
deep submicron technology v =~ 2.5; capacitive load at the TIA;
output Cra ~ 30 fF, which is mainly the input capacitance of
S2D-AMP;. If the RTR-PD; input DR and O/E responsivity are
670-1W and 0.5-A/W, respectively, then the TTA input DR needs
tobe 335 uA. Meanwhile, if the TTA; output DR is set to 335 mV,
Gm,T1a and Rg are chosen to be 1 mA/V and 1.65 kf2, respec-
tively, so that the TIA DC gain can be about 335-mV/335-uA
= 1 kQ ~ |TF714(0)| according to (14). These design specifi-
cations also lead to the TIA; bandwidth =~ 1/(27-Rp1a -Cr1a)
= 8.52 GHz, which is sufficient for the 1-GHz Nyquist
frequency of the 2-GSym/s per (ay); data. More impor-
tantly, the average input-referred noise PSD of TIA; as
the first electronic circuit stage is less than 6.26 pA/v/Hz based
on (15). About the average power consumption, TIA; and its
scaled replica consume about 0.1 mW from the 1.2-V supply to
support the required 1-mV/A Gy, 11 and DC common-mode
voltages for the S2D-AMP; input differential pair.

The 2nd stage, S2D-AMP;, in Fig. 5 is formed by a common-
source differential amplifier with a pair of active-inductor loads
to convert and buffer the single-ended TIA output to a differential
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signal for minimizing asymmetrical kickbacks and common-
mode noise at the input of the following ADC;. The active-
inductor load [41] is a diode-connected PMOS with a tunable
Drain-to-Gate feedback resistor Rg to boost the high-frequency
gain for linearly equalizing the data symbol and offer unbalanced
gains to the positive and negative outputs for canceling the
nonideal single-ended-to-differential conversion process caused
by the finite output impedance of the tail current source Igg. If
the S2D-AMP; output capacitance C 5 pp, mainly contributed by
the input of ADC;, is 80 fF, and the S2D-AMP; output resistance
Ramp is chosen to be 600 €2, then the S2D-AMP; output
bandwidth =~ 1/(27-Ramp - Camp) = 3.32 GHz, which could be
the speed bottleneck of the entire MVM operation. Fortunately,
the active-inductor load can effectively extend the bandwidth
up to 5.5 GHz without extra power consumption, which can not
only cover from DC to the first side-lobes of the 2-GSym/s (ay);
data spectrum but also well filter out all the cross-correlation
photocurrent powers at the frequencies of &=(f; — fj) and £(f; +
fj),iandj=1 ... M, respectively, buti # j, where f; and fj are
any pair of the WDM light-wave carrier frequencies. To convert
the 335-mV TIA; output DR to 1-V4ig ADC; input DR through
S2D-AMP;, the DC voltage-gain |TFAMP(O)| = Gm,AMP ‘Ramp
of S2D-AMP; is designated to 3%, so the transconductance
Gy, amp and the static power consumption of S2D-AMP; can
be determined as 5 mA/V and 0.75 mW, respectively.

The 3rd stage, ADC;, in Fig. 5 is implemented by a L-bit flash
ADC architecture containing (2% — 1) strong-arm-latch (SAL)
based clocked-comparators [42] as shown in Fig. 6, which is
suitable for high-speed and low-resolution applications with the
downside of 2" exponential-growth of the input capacitance,
circuit area, and dynamic power. In the case of this 4-bit M-SiPh
MVM accelerator, the 15 comparators in ADC; actually reach an
adequate compromise between area and 2-GS/s conversion rate
with negligible static power. Each SAL-based clocked compara-
tor contains a SAL and RS-latch to form an edge-sampled DFF.
The dual differential-pairs of each SAL are used to compare the
analog voltage difference between the ADC; differential-input
and differential-reference voltages generated by a global resistor
ladder for all ADCs. The SAL itself is capable of completing
signal integral, regeneration, and decision within a half-period
of the sampling clock with a single-phase sampling clock so
the ADC; average power consumption is about 15x80-uW =

wy wy wy wy wy

The schematic of ADC; in each M-SiPh MVM dot-product O/E conversion circuit, and the schematic of the SAL-based clocked comparator.

1.2 mW. Also, within each SAL, 3-bit capacitor-banks Cpg are
required for individual offset cancellations.

The low-power O/E circuit design criteria are bounded by the
A/D accuracy along with the specification of the laser injection
power for the WDM-based computation. Therefore, the design
procedure shall consider the major noise contributors from RTR-
PD; shot noise (I2 p,), TIA; circuit output noise (V3 ;4 ), and

S2D-AMP; circuit output noise (Vﬁ, amp)- The overall noise
power at the ADC; input can be approximated as follows:

Pn,O/E ~ /
0

[ Va0 TEar (OF -
0

2 pp () |TFroa (NI - T Fanp () - df

+/0 V2 amp (F) - df

~ 0.5¢Ipp (GfmT,AR%RZTIA) G?n,AMPRAMP/CA]v]P
+ kT (G r1aRira+Rrra) Goy appRavp/Canp

+ 2kT (VG A PRAMP +YGm,inaRanp+1) /Canp
(16)

where the elementary charge q = 1.602x 1071 C; Sm,ind 18
the transconductance of the PMOS for the active-inductor; the
S2D-AMP; output resistance Rayp ~ Rs/(14-gm ind-Rg) =~
600 2. The three frequency-domain integrals in (16) are sim-
plified by only considering the S2D-AMP; bandwidth due to
its speed domination. If the maximum Ipp ~ 335 pA equals
the TIA input DR as mentioned, the total noise power at the
ADC; input estimated by (16) is about 11 pW. Compared to
the 4-bit quantization noise power of ADC; = Vig/12 =
(1-Vaig/15)%/12 = 370 pW, there is a margin of 2.5 bits ~
15.3 dB = 10-1og190(370-uW/11-uW) to accommodate dark
noise, flicker noise, supply noise, clock jitter, resistor-ladder
noise, comparator noise, and residual offset excluded in the noise
estimation of (16). Overall, the silicon area of TIA;, S2D-AMP;,
and ADC; is about 100-pmx20-pm for each MVM row.
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Fig.7. The mask layout and dimensions of the 50/50 Y-junction power-splitter
unit with the nonlinear taper coupling technique.

G. Optical Power Splitters and Laser-Comb Injection Power

The M-SiPh MVM accelerator requires an external laser comb
source [43] to offer the WDM wavelengths A;,i =1 ... M as
shown in Fig. 1. After the E/O conversion of the input vector
Y nrx1, the 1-to-M O-PS evenly splits the pre-summed vector
elements (ZIM: 1 Vi) into “M” identical waveguides ready for
the following WDM-based MVM operation. This 1-to-M O-PS
contains logs (M) horizontal stages, and each stage is vertically
formed by multiple 50/50 PS units in parallel with a number
from 2° (= 1) to 2'°22M)-1 (= M/2) for the first to last stages,
respectively. Each 50/50 PS unit is basically an adiabatic Y-
junction with a nonlinear taper coupling technique [44] for the
characteristics of low-loss, high-bandwidth, low-polarization
sensitivity, and high-tolerance to fabrication errors. The sim-
ulation result of a single 50/50 PS unit in Fig. 7 on the 160-nm
silicon-on-insulator (SOI) platform in 45SPCLO shows that a
17.5-pm nonlinear taper coupler within a total 35-pm footprint,
including the length from the single horizontal fan-in to two
horizontal fan-outs, can reach about 0.07-dB [45] transverse
electric (TE) transmission loss in the range from 1530-nm to
1550-nm WDM wavelength spectrum. The overall silicon area
of the 1-to-M O-PS is [loga(M)-35-um]x[M -20-pm], which
is 175-pmx 640-pum when M = 32.

The aggregate laser power loss, loga(M)-(3.01 +0.07)-dB, of
this 1-to-M O-PS is consolidated with the default transmission
losses of e,-MRM;j, y-MRM;, and a-MRM;j; and absorption
losses of RTR-PD; in each MVM row to estimate the required
laser-injection power of each wavelength for the input DR and
signal-to-noise ratio of O/E conversion. All laser wavelengths
Ai, 1 =1 ... M, shall have the maximum injection power
P, and must propagate through log2(M) horizontal stages of
50/50 Y-junctions (3.01-dB power splitting and 0.07-dB loss
per Y-junction), three MRM transmission DR losses (a 2.5-dB
loss per e,-MRM;j, y-MRM; or a-MRM;;), and one RTR-PD
absorption DR loss (a 2.5-dB loss per RTR-PD;). Meanwhile,
the aggregate absorption of all wavelength powers per RTR-PD
needs to be confined within the linear DR of the O/E conversion
circuit, DRo k. In sum, the laser-injection power per wavelength

can be expressed as follows:
—2.5.aB\ 4 1 “logy (M)0.07-dB
PA<1O 10 ) . Mlo 10 MSDRO/E
a7

Note that P, is not a strong function of “M” since DRo/g
stays constant regardless of “M”, and only the number of the
horizontal PS-unit stages gradually accumulates the power loss.
If M = 32 and DRo/g = 670 W, P, should be less than
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about 7.26 mW, and the total 32 laser-injection power for this
WDM-based MVM operation is 32x7.26-mW = 232.4 mW,
which however is directly proportional to the number of WDM
wavelengths “M™.

H. Thermal Tuning and Post-Fabrication Trimming

Due to the high thermo-optic coefficient, 1.86x 10~*1/K, of
silicon [46], proper thermo-control mechanisms are necessary to
adjust the on-chip temperature for maintaining consistent char-
acteristics of SiPh devices. Meanwhile, this high-temperature
sensitivity also enables high-resolution SiPh characteristic tun-
ability beyond the fabrication resolution. For instance, in Table I,
the 32 different radii of all a-MRM;; distributed from 4.63 pm
to 4.76 pm cannot be explicitly fabricated by relying on the
mask resolution of 45SPCLO. In CMOS-compatible SiPh pro-
cess technology, tungsten heaters have been widely used for
thermo-optic tuning [47], and their power efficiency can reach
about 2.4 mW/A\pgg for a single MRM [48]. Therefore, if an
M-SiPh MVM accelerator consisting of “M -(2 + M)” MRMs
and “M” RTR-PDs can be fabricated within a 1-mm? silicon
area, and the tuning ranges of each MRM and RTR-PD need
to cover about one Adwpn ~ Arpsr/M ~ Alpsr rTR, the
total tungsten heater power per M-SiPh MVM accelerator can be
expressed as M -(2 + M)-(2.4-mW)/M + M -2.4-mW, which
is 158.4 mW when M = 32.

To do the thermal control across a large number of MRMs
in a high-dimensional M-SiPh MVM accelerator, one heater
source per MRM is impractical. A hybrid tuning approach is
proposed by combining the tungsten-heater approach for global
coarse tuning with the post-fabrication-trimming approach [49]
for individual fine-tuning. For instance, in Figs. 1 and 8, all
MRMs and RTR-PDs in the entire M-SiPh MVM accelerator
are partitioned into three tungsten-heater regions with their own
heater sources, and the area of each region shall be less than
1 mm? to limit the random variation among MRMs or RTR-PDs
less than one standard deviation within each region. In this way,
a certain heater source of a certain heater region can globally
control and shift the transmission/absorption responses of the
MRMs/RTR-PDs. Then, the post-fabrication trimming mecha-
nism can take care of low-range but high-accuracy fine-tuning
for every MRM and RTR-PD, which is basically realized by
implanting a section of SOI rib waveguide with Ge through a
photoresist mask on the top of each resonance cavity, so each
MRM or RTR-PD critical coupling condition can be trimmed
by injecting a voltage pulse to anneal this Ge rib waveguide.
This annealing calibration process can be done for each MRM or
RTR-PD individually as shown in Fig. 2, and the annealing pulse
width for the targeted resonance wavelength(s) of each MRM or
RTR-PD can be obtained by an iterative feedback mechanism of
the MRM/RTR-PD transmission/absorption power received by
its corresponding ADC to adjust the annealing pulse generator
output pulse width until converging to the critical coupling con-
dition [49]. Though this post-fabrication trimming approach is
tedious, it is thorough, reprogrammable, and hardware reusable,
and it only consumes calibration time/power with negligible
overhead during the regular M-SiPh accelerator operations.
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V. M-SIPH MATRIX-MATRIX MULTIPLICATIONS

To perform an M-SiPh MMM operation, Apnsxps - Y prxr =
(AY) s s » the input M-by-M matrix Y ar, ps with elements
denoted by y;;,iand j = 1 ... M respectively, can be split into
“M” M-by-1 column vectors as shown in Fig. 8, and each col-
umn vector independently performs MVM with matrix A ps. s
in an M-SiPh MVM unit to produce its own output column
vector. After combining total “M ™ output column vectors from
“M” parallel M-SiPh MVMs, the outcome M -by-M matrix
(AY) ;. s With elements denoted by (ay)j, iandj=1 ... M
respectively, of the M-SiPh MMM operation can be obtained.

This hardware parallelism approach can be equivalently im-
plemented in a manner of time-multiplexing. For instance, a sin-
gle M-SiPh MVM unit can process one of the input column vec-
tors per iteration period, and electronic registers after the ADCs
can collect all the output column vectors after “M” iteration
cycles to form the final outcome matrix (AY") . », per M-SiPh
MMM operation. These two formats of the M-SiPh MMM im-
plementation linearly consume the silicon area and computation
time with the column-dimension “M” of Y 7. pr, respectively.
In sum, energy/area/throughput tradeoffs can be optimized by
combining the partial hardware-parallelism and partial time-
multiplexing approaches based on realistic applications.

VI. M-SIPH MATRIX-INVERSIONS

Each repetition of the Neumann-series approximation,
Y v [k} =Byxym + Apxa e YJVIXAI[k — 1], for the tar-
geted matrix-inversion (MI) functionality can be energy/area
efficiently implemented by the combination of M-SiPh MMM
and M-SiPh MMA without intermediate O/E/O conversions
as shown in Fig. 9, where the matrices Ajpsxnr, Barxass
Y rixarlk],and Y prsar[k — 1] are physically presented by their
matrix elements a;j, byj, yi;[k], and y;j[k — 1], iandj=1 ... M
respectively. The bottom-half of Fig. 9 illustrates the MMM
operation of Anryns - Y arxar[k — 1], which is essentially real-
ized by the M-SiPh MMM accelerator elaborated in Section V
however without the O/E conversion to keep the MMM results
in the photonic domain. Then, the top-half of Fig. 9 shows the
MMA operation for the completion of Y ps.ar[k] achieved by

The system block diagram of the M-SiPh MMM accelerator implemented by the M-SiPh MVM parallelism approach.

element-to-element light-wave power additions of b;; and (ay);,
iandj=1 ... M respectively.

Similar to the parallelism architecture for realizing an MMM
from multiple MVM units in Section V, the M-SiPh MMA can
be implemented by “M ™ parallel vector-vector additions (VVA)
as shown in the top-half of Fig. 9. The 2nd external laser comb
source is required to generate another set of “1/” wavelengths
Ay, 1 =1 ... M, whose WDM spectrum relationship with A;,
i=1 ... M, from the Ist laser comb source is reflected in
Fig. 10(a). Accordingly, the power transmission responses of
b-MRM;,i=1 ... M, have (AAwpu,i)/2 offsets with respect to
those of y-MRM;j,i=1 ... M, to enable incoherent detections in
RTR-PD’;. Note that each b-MRM can be driven by a low-power
DAC (LP-DAC) implemented by the R-2R architecture due to
the static value of bj; in the electronic domain. Also, after the
E/O conversion through b-MRM,;, the light-wave A’; carrying
the bj; information in the photonic domain is individually ex-
tracted from the rest of WDM wavelengths at the Drop port of
b-MRM,; as the MRR configuration shown in the top-middle of
the Fig. 3(b) for the following M-SiPh VVA operation.

The power absorption spectrum of RTR-PD’; shall cover
and align with all resonance wavelengths A; and A’; of y-
MRM; and b-MRM;, i = 1 ... M, as shown in the bottom
of Fig. 10(a) to incoherently absorb all different light-wave
powers carrying the (ay);; and b;; information. Equivalently,
to perform AA’psr-RTR,2i-1,21 = (AAwpm,i)/2,1 =1 ... M,
the resonance-cavity length of RTR-PD’; has to be doubled
compared to RTR-PD; discussed in Section V-E;i.e., L'rTr,i =
2xLgrTR,i. Meanwhile, reducing the FSR of RTR-PD’; by 2x
could indeed cause overlaps between adjacent spectrum “skirts”
of the power absorption responses as circled in Fig. 10(a), but
these don’t create crosstalk among the wavelengths since the
WDM spectrum isolations are still maintained by AAwpwm,i
and AX’ wpwm,i, 1 =1 ... M, individually. Also, to couple both
(ay);; and by; into the racetrack waveguide, RTR-PD’; requires
two Input ports implemented by running two input waveguides
in parallel with the top and bottom straight waveguides of
RTR-PD’; as shown in Figs. 9 and 10(b), where the directions of
the incoming light-waves carrying (ay);; and b;; information on
these two input waveguides should form consistent clockwise
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configuration of RTR-PD’;.

or counterclockwise coupling to the racetrack waveguide for
minimizing crosstalk between these two Input ports due to im-
perfect absorption leaking through the Input-to-Drop responses
of RTR-PD’;.

Overall, the proposed M-SiPh MI accelerator can effectively
accomplish the end-to-end computation of each Neumann-series
repetition by executing computation-dominant operations in the
photonic domain at the speed of light with a minimal amount of
energy/area overhead due to the monolithic photonic-electronic
on-chip integrations, conversions and calibrations.

A'm

(b)

(a) The transmission responses of y-MRM; and b-MRM;, i =1 ... M, and the absorption responses of RTR-PD’;. (b) The conceptual geometry and

VII. PERFORMANCE SUMMARY AND CONCLUSION

The key performance metrics of linear-algebra SoCs
are computation throughput (TMAC/s), computation density
(TMAC/s/mm?), and energy consumption (fI/MAC) [9], [13],
[18]. By consolidating the power, area, and clock rate of the
proposed building blocks described and analyzed in Section IV,
the detailed energy/area breakdowns and computing perfor-
mance metrics of the M-SiPh MVM accelerator with the on-chip
hardware and MVM functionality are summarized in Table II
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TABLE IT
PERFORMANCE ESTIMATIONS OF M-SIPH MVM Vvs. ASIC MVM
Vector Laser Heater SoC SoC Data Clock Computation Computation Energy
Dimen. | Power Power | Power* | Area Precision Rate Throughput Density Consumption
M-SiPh MVM “M” (mW) (mW) (mW) | (mm?) (bit) (GHz) TOPS/s | TMAC/s | (TMAC/s/mm?) (fI/IMAC)*
in 45-nm 8 56.3 432 126.6 0.13 4 2 0.256 0.128 1.00 989.3
Monolithic 16 114.3 81.6 251.2 0.41 4 2 1.024 0.512 1.25 490.6
SiPh 32 232.4 158.4 505.0 1.40 4 2 4.096 2.048 1.46 246.6
[This Work] 64 4723 312.0 1027.5 5.10 4 2 16.384 8.192 1.61 1254
128 960.0 619.2 2124.6 | 19.27 4 2 65.536 32.768 1.70 64.8
256 1951.3 1233.6 | 4511.6 | 74.69 4 2 262.144 131.072 1.75 34.4
ASIC MVM Vector SoC Idle SoC Busy SoC Data Clock Computation Computation Energy
Google TPUv4 | Dimen. Power Power Area Precision Rate Throughput Density Consumption
in 7-nm “M” (mW) (mW)t (mm?) (bit) (GHz) TOPS/s | TMAC/s | (TMAC/s/mm?) fI/MAC)T
CMOS [50] 256 55000 78571% 400 8 1.05 137.62 68.81 0.17 1141.9

* Including all photonic/electronic devices/circuits power consumption, heater power, and laser injection power on a single M-SiPh chip.
T Including all electronic digital circuits power consumption on the single CMOS chip in the Busy-mode.
1 The Busy-mode power of TPUv4 is estimated by its Idle-mode power (= 55 W) and Busy-vs.-Idle power ratio of TPUV1 (= 1.43) [51].

to practically cover the overhead of the M-SiPh integrations,
conversions, and calibrations, including all electronic-photonic
SoC building blocks with complete DACs/ADCs, on-chip digital
interface, clock distribution, on-chip calibration hardware, laser
injection power, and heater power. For comparison purposes, the
performance metrics of the Google Tensor Processing Units v4
(TPUv4) [50], [51] are listed in Table II as well since this TPU
is also a complete on-chip MVM accelerator but implemented
by a digital ASIC approach in commercial 7-nm CMOS process
technology. Note that the performance metrics of the M-SiPh
MMM and M-SiPh MI accelerators can be reasonably estimated
according to those of the M-SiPh MVM accelerator because of
the dimension scalability and parallelism architecture described
in Sections V and VL.

The performance scalability with the input vector dimension
“M” of the M-SiPh MVM accelerator listed in Table II shows
that the energy/area overhead of M-SiPh MVM is getting lever-
aged by the negligible photonic computing latency and energy
consumption when “M” is scaling up though the inevitable
increase of the calibration complexity is not reflected by these
performance matrices in the regular accelerator operations. In
the cases of “M ™ > 8, the M-SiPh MVM accelerator outperforms
the ASIC counterpart in both computation density and energy
consumption. In particular with the future advances in scaling
the optical comb generations to “M” = 256, the M-SiPh MVM
accelerator can exhibit about 10.3x computation-density and
33.2x energy-efficiency superiority over the advanced ASIC
MVM accelerator (TPUv4) with the downside of lower data
precision due to the limitations of “analog” computing in the
photonic domain. Overall, given that novel SiPh devices and cir-
cuits are still being discovered and engineered for future foundry
manufacturing, the performance of the M-SiPh accelerators will
be further enhanced with the development of next-generation
SiPh process technology.
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