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Variable-Precision Distributed Arithmetic (VPDA)
MIMO Equalizer for Power-and-Area-Efficient
112 Gb/s Optical DP-QPSK Systems

Soon-Won Kwon and Hyeon-Min Bae

Abstract—A variable-precision distributed arithmetic (VPDA)
multi-input multi-output (MIMO) equalizer is presented to re-
duce the size and dynamic power of 112 Gb/s dual-polarization
quadrature phase-shift-keying (DP-QPSK) coherent optical com-
munication receivers for 80 km metro applications. The VPDA
MIMO equalizer compensates for channel dispersion as well as
various non-idealities of a time-interleaved successive approxi-
mation register (SAR) based analog-to-digital converter (ADC)
simultaneously by using a least mean square (LMS) algorithm. As
a result, area-hungry analog domain calibration circuits are not
required. In addition, the VPDA MIMO equalizer achieves 45%
dynamic power reduction over fixed resolution counterparts by
utilizing the minimum required resolution for the equalization of
each dispersed symbol.

Index Terms—Analog-digital conversion, digital signal proces-
sors, equalizer, optical receivers, power dissipation.

I. INTRODUCTION

OHERENT optical DP-QPSK systems with electrical do-

main dispersion compensation at a wavelength of 1550
nm are being adapted for 112 Gb/s long-haul optical commu-
nication links in order to combat chromatic dispersion (CD)
[1], [2]. Fig. 1 shows a typical block diagram of a 112 Gb/s
DP-QPSK coherent optical receiver [2], [3]. The phase infor-
mation of the received optical signal is converted to two pairs of
analog voltage signals and 2x oversampled using four 56 GS/s
ADCs. A digital equalizer subsequent to the ADCs compensates
for the channel dispersion. Such a high data rate requires a mas-
sive parallelization in the ADC and digital equalizer due to the
bandwidth limitation of active components.

The tight performance requirements of the ADC necessitates
complex and area-hungry calibration circuits to overcome
various non-idealities caused by mismatch among parallel
ADCs and nonlinearities in each ADC [4], [5]. The power
consumption of the digital equalizer increases in proportion to
its dispersion compensation capability and the level of com-
putational precision. The power and area of the conventional
coherent DP-QPSK system have been the major impediments
to its adaptation to high-volume applications such as Metro
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DWDM despite its excellent dispersion compensation ca-
pability. In this paper, we propose a power-and-area-efficient
VPDA MIMO equalizer for coherent optical DP-QPSK systems
suitable for Metro DWDM applications which require perfor-
mance, low power and miniaturization. The target distance is
80 km. Significant reduction in power and area is achieved on
the basis of the following two factors: (i) digital equalizer in
this proposed design compensates for the channel dispersion as
well as the non-idealities of the ADC without hardware over-
head, which does not necessitate area-hungry analog domain
calibration cirucits, and (ii) each dispersed symbol is equalized
with the minimum required resolution. The latter factor leads
to dynamic power reduction of 45% in the digital equalizer.
Section II depicts the proposed receiver architecture and
Section IIT describes the distributed arithmetic (DA) MIMO
channel equalizer architecture which also compensates for var-
ious mismatches and non-linearities of the SAR ADC. Then,
Section IV describes the variable-precision concept applied to
the DA MIMO architecture for the dynamic power reduction.
Section V provides the simulation results of the VPDA MIMO
equalizer and finally, Section VI summarizes the discussion.

II. RECEIVER ARCHITECTURE

Fig. 2 shows the block diagram of the proposed coherent
DP-QPSK receiver for 80 km metro DWDM applications. The
outputs of four 56 GS/s 5 bit ADCs are connected to both the
VPDA MIMO equalizer and a clock recovery block. Conven-
tional dispersion-tolerant phase detectors [6] typically operate
under residual CD in long-haul coherent systems can be utilized
in this case without pre-equalization because the target distance
is only 80 km [6], [7]. In addition, because the phase detector
detects the symbol rate directly from 2x oversampled ADC out-
puts without any assistant from the equalizer, typical start-up
issue does not exist. The VPDA MIMO equalizer is intention-
ally designed to operate in time domain because the frequency
domain counterparts [8] has higher level of complexity in 80 km
metro applications where the chromatic dispersion is less than
1280 ps/nm.

III. COMPENSATION OF ADC NON-IDEALITY

Digital signal processing methods to overcome either the mis-
match or nonlinearity have been reported [9], [10]. The pro-
posed DA MIMO architecture integrates these two methods to-
gether with the channel equalizer without hardware overhead
over conventional FIR channel equalizers employed in 112 Gb/s
coherent optical DP-QPSK systems.

0733-8724/$31.00 © 2012 IEEE
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Fig. 1. Block diagram of the 112 Gb/s DP-QPSK receiver.
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Fig. 2. Block diagram of proposed coherent DP-QPSK receiver for 80 km
metro DWDM applications.

A. Mismatch Compensation

It has been shown that the MIMO equalization method can
compensate for the offset, gain and sampling time mismatches
of a time-interleaved parallel ADC [9]. Fig. 3 shows a concep-
tual block diagram of a 56 GS/s time-interleaved SAR-based
ADC [11]. The resolution of the ADC is set to five bits to sup-
press the OSNR penalty below 0.5 dB at a BER of 104 [12],
[13]. In our ADC model, 16 track-and-hold (T/H) circuits op-
erating at 3.25 GS/s are parallelized for the sampling rate of 56
GS/s. We assumed that the sub-ADCs subsequent to the T/H
requires seven clock cycles for each data conversion based on
[11]. Thus, a total of 16 x 7 = 112 SAR ADC:s are parallelized.
As aresult, the digitized samples show 112 different cyclic char-
acteristics, which can be modeled by a radix-112 system. Let
V{[n] denote the i-th input signal in the radix-112 system, then
the n-th input matrix V;[n] of the radix-112 ADC system is
given by

Viln] = [V n VZln] - VA2[]]) (1)
Similarly, the n-th output matrix of the ADC is

Voln] = [VaIn] V3] --- V2] . ®))

.
.
7 O v, | 566STs ) )
= " =7 __ADCH
5] : C
[¢H TIA O Vip | 56GSTs
=2 TIA i (LARC2 ) pigital
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Fig. 3. Block diagram of the 112 time-interleaved ADC.

Various mismatch effects of the ADC can be interpreted using
linear MIMO matrices. Let the matrix GG, P and O represent the
gain, phase and offset mismatches of the time-interleaved ADC,
respectively. Vi and Vp satisfy

[Gli12x112 - [Pli12x112®c[Vi]112x1 + [Ol112x1 = [Voli12x1-
3
The mathematic operator . denotes the element-by-element

convolution [14]. The quantization noise is not considered for
simplicity. The gain mismatch G is a diagonal matrix, which is
=]

given by
)Y
so={3 137

where ¢; represents the gain of the i-th ADC. The sampling
phase mismatch P can be described using linear interpolation
between adjacent samples in V7, as

ij=1...112, @)

—1
Priaxi12 = ®ihy10 + Pliaviis + Plissiie
(I)fl [77] = ¢‘i,j,k6[112n +17— ] — k], Z] =1...112,
3)
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where ¢, ; 1, is the phase coefficient for the i-th ADC input and
8[n] denotes the discrete time delta function. Because the input
signal V7 is 2x oversampled, the P matrix models the phase
mismatch with sufficient accuracy.

The offset vector O is a 112 x 1 matrix, as given by

O =[0r0* ... o137, (6)

where O° represents the offset of the i-th ADC.

A coherent DP-QPSK receiver requires four 56 GS/s ADCs,

as shown in Fig. 1; thus, the total number of sub ADCs is 112 x
4 = 448, Let

Vi Vr:
SIZ[VZ]’ SQ:{VZ}‘ @

where 57 and S denote the in-phase and quadrature-phase sig-
nals in a QPSK system, respectively. Equation (3) can be ex-
panded to include all four ADC inputs Sy and Sg as

Mr@:.Sr+45-Mg®:S50 +C=Rr+j- g (®)

where
(G- Py 0 }
MI - ’
. O Gs - P3 224%224
Gy P 0 }
Mg = ,
. O Gy Py 224%224
O O
=[Gt 102)
L3 12241 4 1224x1
. [ Vou Voo
R R =1, 10
R | 03] [VO4] (10)
Ideal ADC outputs Sy and S¢ can be retrieved as
Si+3jSq=M; ' ®. R +j-M;' @ Ro+C', (1)
where
C'=-M;'®.Cr—j Myt ®, Cq. (12)

Let the 2x oversampled transmitted QPSK signal vectors
through X and Y polarizations are X7 ¢ and Y7 ¢, respectively.
X7,0 and Y7 g can be written in 112 x 1 matrix as given by

X1 = [Xionl X[ oln) X7 oln] X7 gln] -+ X% [T
Yig= [YI{Q[H] YII,Q[n] YIQ,Q[n] YI%Q[”] YI%%[”HTv
(13)

where X’I“'Q[n] = x5 [56n + i] and YI‘Q[n] = ys.0[56n + 1.
Note that 27 ¢) and y7 ¢y denote transmitted symbols. CD in the
radix-112 matrix format is

CDyjn] =cd112n+ ¢ —j], ¢,j=1...112, (14)
where cd[n] denotes the 2x oversampled complex impulse re-
sponse of CD.
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The first-order polarization mode dispersion (PMD) can also
be written as a radix-112 matrix, as

—sine x I%
cosa x I%

8,
cosa x 1%
PMD = | . "
sino X I°=

Iro = §[112n +i— j — 0,,],

ij

i, =1...112. (15)
PMD adds a phase delay of 4 to each polarization and attenuates
the transmitted signal by rotating the polarization angle by .
The combined channel dispersion matrix H including CD and

PMD is

CcD 0
Hozyy024 = [[ ]112><112 }

0 [CD]112x112

®¢[PMDlaaax224. (16)

Let matrix D denote the combined transmitted signal as given
by

bo [Tt K] -

Tlvi4ove

Because the received dispersed signal at the input of the ADC
is related to D as given by

[B}224><1 = [H] 31224 ®c ST+ § - [H] 354224 ®c Sq, (18)

the transmitted data matrix ) can be retrieved from non-ideal
outputs of the ADCs by using (11) and (18) as

D=A®.Ri+j -B®.Rg+ ", (19)
where
Agaxazs = H™1 @, MY, Bogaxana = H ' @, Mél
(20)
and
C'"=H'g.C. 1)

However, because the received signal is 2x oversampled,
only half of the components in D must be equalized. Therefore,

D=A®.Ri+j-B®.Rg+C", (22)
where
i 41 3;1
A. B
Aj1axo24 = 3’ Biiaxoos = 5 (23)
-4223 Bosy
and
X}l + X
c
D | X7%n] + jXé’f [n] y _ @é’
112x1 — Yll [77,] +7Y(5[Tl] 112x1 — e
Ot
L Y70 0] + 5Y5°% ]
(24)

Equation (22) can be realized with a MIMO equalizer and the
mismatches in the parallel ADCs and the channel dispersion can
be compensated for simultaneously by adapting the coefficients
of A, B, and C” using an LMS algorithm.
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The MIMO equalizer doesn’t require a front-end equalizer for 56GS/s Equivalent equalizer

the compensation of the gain and phase mismatches of an optical
hybrid. It is because the MIMO equalizer can compensate for
such non-idealities together with the gain and phase mismatches
of an ADC.

A block diagram of the MIMO equalizer is shown in Fig. 4.
A1 ~ Ajj2 denote sub-equalizers and A; 1 ~ Ajp 294 denote
the coefficients of 41, as given by

Ay

Az

A= A1 = [Al,l A172 e A1,224]- (25)

A1z
Fig. 5 shows a section of hardware utilized for the equaliza-
tion of two transmitted symbols through X and Y polarizations.

The length of a fractionally spaced sub-equalizer (FSE) is L.
The coefficients of the FSE satisfy

XA[112 x n4+ k] = Ay x[n] k=1...112,
YA 2 xn+k—112] = Ay x[n] k= 113...224,

XBi[112 x n+ k] = B1x[n] k=1...112,
XBi[112x n+k—112] = By x[n] k=113...224.

(26)

|
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Fig. 5. Equalizer hardware for the compensation of two symbols transmitted
through X and Y polarizations.
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TABLE I
TABLE OF THE NUMBER OF MULTIPLIERS FOR THE EQUALIZATION
OF ONE SYMBOL
length | parallel | real-value | FSE | Total
multiplier | factor
(a) | L 8 2 1 16L
OIS 2 4 2 8Ly + 16L2
Lo 4 4 1
Conventional DP-QPSK equalizer
L1 L2 1x sampled g
— T~ — —— signal T
56GS/s Equalizer x
ADC1 cD *
B Nrernd
ADC2 2x oversampled PMD compensation
signal o
PADCH E 3
ADC4 PMD compensation -Ié
56GS/s Equalizer ] ___-"-
ADC3 CcD ion 6<

Fig. 6. Block diagram of a conventional Equalizer [15].

The total number of parallelized sub-equalizers for one po-
larization is 56, as 112 parallelized ADCs are oversampling
the received signal by a factor of 2. The total number of
real-value multiplications required for the reconstruction of
two transmitted symbols X7q and Y74 in the MIMO equalizer
is L x 8 x 2 = 16 x L as shown in Table I(a). Note that
the factor of 2 is multiplied because the filter coefficients are
complex numbers.

Fig. 6 shows the block diagrams of one sub-equalizer in a
conventional parallel FIR equalizer for 112 Gb/s DP-QPSK co-
herent systems [15]. L; and Ly denote the length of the FIR
filter taps required for the compensation of CD and PMD, re-
spectively. Ly and Lo should satisfy Ly + Lo = L given that
the dispersion compensation capabilities of conventional and
MIMO equalizers are equal. CD and PMD are compensated for
separately and each FSE receives complex samples from two
ADC:s. Because the PMD equalization process is performed se-
quentially, the CD equalizer should maintain a 2x oversampling
ratio to minimize the SNR penalty in the PMD compensator.
Note that both filter coefficients and sampled ADC outputs are
complex in this case. However, the reduction of the number of
multipliers for the CD equalization to (L1)/(2) is possible be-
cause of the even symmetry of the impulse response [8]. There-
fore, the total number of real-value multiplications required for
the reconstruction of two transmitted symbols X7 and Y74 in
the conventional equalizeris ((L1)/(2) x2x 24+ Lo x4) x4 =
8 x L1 4+ 16 x Lo which is smaller than 16 x L as shown in
Table I(b). For 80 km metro applications, L1 = 32 and L, = 9
taps are required for CD and PMD compensations [8] and the
expected power ratio between the MIMO and the conventional
equalizer is

_ 16 x L
16X Lo +8 % Ly

Pymvio — 164

27

Pconvcnt ional

Consequently, the MIMO equalizer has 64% power penalty in
terms of multiplier counts over conventional FIR equalizers.
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Capacitance array for DAC operation

B. ADC Nonlinearity Compensation

SAR ADC is considered as most suitable type for coherent
optical communication. [4] It has been shown that the non-lin-
earity of a SAR ADC can be compensated for using a digital-do-
main signal processing method [10]. Unlike the previous work
which uses a reference ADC for calibration, the proposed DA
MIMO equalizer can compensate for the nonlinearity of a SAR
ADC and channel dispersion simultaneously by using the es-
timated output mean square error. Because this compensation
process is an interpretation rather than a calibration scheme to
deal with the non-linearity, a certain amount of SNR penalty at
the final output can exist.

A SAR ADC consists of a capacitance array for digital-to-
analog conversion (DAC), a comparator for the decision, and a
digital logic block for the DAC control (see Fig. 7) [10]. When
switch SW is connected during the sampling period, the input
signal V;,, is sampled at the bottom plate of the capacitor array
and Vi ~ Vi become Vi,. The switch SW is turned off after
the sampling period and V; ~ Vg are connected to —Vg. The
voltage change at V., defined as AV, is related to the voltage
changes at V; ~ Vj as given by

A‘/L B Ctot + Cp

=K, ie{l...6} (28)
where AV; denotes the voltage change at V;, Cior = Z?ZIC,;
and C, is the parasitic capacitance. The total voltage change
AV, is

AV, =38 KAV = Y8 K (=Vr — V). (29)
The capacitor array receives digital codes d1 ~ d5 from the
digital logic block and adds the corresponding analog voltage
to the sampled input signal V;, using a charge redistribution
process. The digital logic block uses a binary search algorithm
to find the digital code which takes V,, to the sub-LSB level. V,,
is related to the digital code d1 ~ d5, Vi, and Vg as given by

Ve =30 Ki(—Vp — Vi) + S7_1d; - 2KV,

=2 (2d; — )K; Vg — KoV — Kot Vin,  (30)
where
Kioe = 20_ K, = Crot 31)
) Crot + Cp

Hence, the input signal V;,, is

=

Vin = Kiop (3521(2d; — 1)KV — KoVg — Vi)
= Kt;t (Et 1(2d - 1)K ‘7 - KOVR - (VQ + ‘/os)) s

(32)
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Fig. 8. Conceptual block diagram: Merging coefficients for nonlinearity com-
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where V,,, and V; are the comparator offset and the quantization
noise, respectively. Equation (32) shows that the input signal
Vin can be accurately reconstructed from digital codes d1 ~ db
by multiplying adequate coefficients with each bit and adding a
proper offset in a SAR ADC.

The corrected output signal Vo corr 0f a five-bit SAR ADC
can be written as

VO,corr = E?:lai X di + o, (33)
where a; and o, are the coefficient and offset for the correction,
respectively. The correction factors a; and o, were retrieved
using a slow-but-accurate reference ADC in the earlier work
[10]. However, a; can be combined with the filter coefficients
of the digital FIR filter by using a DA scheme as shown in Fig. 8,
and adjusted adaptively by an LMS algorithm. Fig. 9 shows a
block diagram of a sub-equalizer of the DA MIMO equalizer.
The coefficient A‘I . in the DA MIMO equalizer is related to that
of the MIMO equalizer A, ; in (25) as given by

k

[ .
Gk =00 X Ajk,

i=1---5,7=1...112, k=1...224 (34)

where the correction factor a satisfies

k _ 5 k k k
Vol.corr = Xi—10; X di + o¢,

k _ y5 k4112 (k+112) k112
VOS,COlr - E'L':la’i X di =+ O .

k=1...112 (35)

In summary, channel dispersion and ADC nonlinearity can be
compensated for simultaneously by multiplying different FIR
filter coefficients A7, --- A%, with each ADC output bit and
combining them at the output. The offset correction factor o,
is implemented in the last stage of the DA MIMO equalizer by
subtracting the average values of output F; ; from the recov-
ered symbols. This process aligns the center of the QPSK signal
space of each sub-equalizer to the origin.

IV. A VARIABLE-PRECISION DISTRIBUTED ARITHMETIC
(VPDA) MIMO EQUALIZER

The VPDA MIMO equalizer reduces the dynamic power
consumption of the DA MIMO equalizer by using only the
minimum required resolution for the equalization of each
dispersed symbol. Fig. 11 shows the equalized QPSK symbols
under different ADC resolutions in a two-dimensional signal
space. The magnitude of the standard deviation o, and the
resulting BER are inversely proportional to the resolution of
the ADC. However, equalized symbols located distant from
decision thresholds in the signal space can be correctly deter-
mined with high probability even under low ADC resolutions.
In other words, the required resolution for the equalization of
each dispersed symbol is different. Fig. 10 shows a conceptual
block diagram of the proposed variable-precision algorithm.
The proposed pipelined equalizer begins the computation from
the most significant bit (MSB) towards the least significant bit
(LSB) sequentially. Range checkers are inserted between the
sub-equalizers described in Fig. 9 to determine whether further
computation with a higher resolution is required. In case a
partially equalized symbol is located outside the suspicious
region in the signal space (see Fig. 10), a final decision is made
and no further computations are performed. In contrast, if the
partial result is within the suspicious region, the precision of
the partial result is increased by one bit and the location of
the equalized symbol in the signal space is rechecked. Thus,
the average resolution for the equalization can be reduced
significantly and hence the dynamic power consumption can
also be decreased.

The estimated power ratio of the VPDA MIMO equalizer
over the DA MIMO equalizer is approximately

1

Pvppa  Pvppa o
R

x Pr(Eny), (36)

Ppa Pynio
where Pyppa and Ppa are the power consumptions of the
VPDA MIMO and the DA MIMO equalizers, respectively, and
Pr(FEny) denotes the probability that a single bit equalizer at
each resolution step is being enabled as shown in Fig. 12. The
power consumption of the VPDA MIMO equalizer at each
resolution step is approximately (1/5) that of the DA MIMO
equalizer. It is because the total power consumption of the
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Fig. 9. Block diagram of a sub-equalizer in a DA MIMO equalizer.
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Fig. 10. Block diagram of the variable precision algorithm.

VPDA MIMO equalizer including all resolution step should The probability Pr( Eny) is determined by both SNR and the
be identical to that of the DA MIMO equalizer employing area of suspicious region at each resolution step. Proper selec-
conventional multiplication process as shown in Fig. 10. tion of the suspicious region in the signal space is crucial for
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Fig. 11. Constellations of the equalized symbol with various ADC resolutions.
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Fig. 12. Block diagram of the VPDA MIMO equalizer.

the VPDA MIMO equalizer because premature inaccurate de-
cisions caused by insufficient area of the suspicious regions in-
crease BER penalty.

Therefore, the design target for the dynamic power minimiza-
tion of the VPDA MIMO equalizer is to minimize the average
ADC resolution by minimizing the area of the suspicious re-
gions without a significant BER penalty. The transition rate,
defined as the probability of an equalized symbol being in the
suspicious region in the kth stage depends on both the size of
the suspicious region in the current stage and the transition rate
in the previous stages. Thus, the size of the suspicious regions
should be determined sequentially from MSB to LSB. The sus-
picious region of the first stage, Sus, is determined based on
the BER while assuming that the suspicious regions in the sub-
sequent stage are infinite and that no extra bit-error occurs from
the variable-precision architecture. The estimated BER at the
output of the first stage is

BER = Pr (bit error N Py)

+Pr (bit ecrorn Py N PSY,  (37)

where P, denotes the set of events that the output symbol in the
kth stage, Sym;, = (X}, Y%), is in the suspicious region and Py

A ® .
Transmitted

symbol

> Xk
Susk

Fig. 13. Erroneous regions in the QPSK signal space when (1,1) is sent.

denotes the complementary set of P.. In case symbol (1,1) is
transmitted, Pr(bit error N PF) can be expanded as

Pr (bit crror N PY)
= Pr(bit error | EX) - Pr (EY)
+ Pr (bit crror | EY) - Pr(E})

+ Pr (bit error | EYY) - Pr(E[Y), (38)

where E, E} and E}Y are the sets of erroneous events, as given

by
EF = {Symk € ER,Rﬁ}

B} = {Sym, € ERR} }

Y = {Symk € ER,Rﬁy} , (39)

and where ERR];, ERR;; and ERRf;y denote the areas shown
in Fig. 13. Note that the conditional probabilities in (38) are
1
Pr (bit error | Ef) = 37
1
Pr(bit error | E}) = 5

Pr(bit crror | E}Y) = 1. (40)

Because the two-dimensional probability density function of
Symy,, is symmetric with respect to Y3, = X, (38) can be sim-
plified to
Pr (bit error N Py)
1 . 1
=5 Pr(EL) + 3 -Pr(E})+Pr(E.)
Pr(Ef)+Pr(EY) =Pr(E; UEY).

(41)

Because the noise in each equalized symbol is a linear combi-
nation of independent and identically distributed (i.i.d) additive
noises caused by quantization and limited input signal-to-noise
ratio in each sample, it can be assumed to show a Gaussian dis-
tribution according to the central limit theorem. Then, the prob-
abilities Pr(Fy) and Pr(E;?) are given by

—Susq %S}
P = [ [ st gty
J —oco J Susy

_0 (Sus1 +1) 0 (81151 — 1)
Ok O

»—Susy »—Susy
e = [ [ et s o dedy

_0 <Sus1—|—1)27
ok

(42)

(43)
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where oy, is the standard deviation of the noise at kth stage and
g(x, 1, o) is a Gaussian function, as given by

1 (z=p)?
e 207

9(x. p,0) = (44)

2ra

Because P is symmetrical with respect to Y, = X,
Pr(bit error N P, N Pg),m < n can be written using
(41) as
Pr ({bit error N P} N B,,)
=Pr({E;UE¥}NP,)

=Pr(E’NP,) +Pr(E¥YNP,). (45)

Let Ny, ,, be the noise added to the equalized output signal when
ADC resolution is reduced from # bit to m bit. N, , can be
modeled by a Gaussian distribution of N (0, \/c2, — o2). Then,
Pr(F% N P,,) is given by
Pr(ESNP,,)
= Pr({X,, < —Sus,} N {Sus, < Y, }
N {{=Susy, < X, < Susy,}
U {—Susm < Yy < Susp,}t})
=Pr({X, < —Sus, } N {Sus, < ¥, }
N{{-Susy, <N, , +X,, <Bus,, }
U{—=Sus,, < NY , +Y, <Susp}})
= Pr({X,, < —Sus,} N {Sus, < Y, }
N{{-Sus;m — X, <N, ,, <Sus,, — Xp}
U{=Sus,, — Y, < NJ, ,, <Sus,, — Y, }}).
(46)

Equation (46) is changed to

Pr(E® 0 P,)
= Pr({X,, < —Sus,} N {Sus, < ¥,,}
N{—Susm, — X, < N,“f,m < Susm — Xnl})
+ Pr{({X, < —Sus,} N{Sus, < Y,}
N{=Susm, — Y, < NJ, , <Sus,, — Yo }})
—Pr{({X, < —Sus,} Nn{Sus, < Y,}
N{{—Sus, — X, < N;’f’w < Susy, — Xn}
N{—Sus,, — Y, < NY Yo}})-

o < Sus,, —

(47)
Similarly, Pr(E=Y N P,,) is

Pr(E® N Py)
= Pr({X,, < —Sus,} Nn{Y,, < —Sus,}
N {—Susm — X, < N¥ < Sus,, — Xn}})

+ Pr({X, < —Sus,} n{Y,, < —Sus,}
N{—Suspm — Y, < N, <Susp — Y, }})
— Pr({X,, < —Sus, } N{Y,, < —Sus,}
N {{—Susm - X, < N¥ < 8Sus,, — X,,,}

N {—Susm -Y, < N} < Sus,, — Yn}}) .

m,n

(43)
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Assuming that the random variables X,,, ¥,,, Ny, ,, and N, ,
are independent, (46) becomes

Pr(E; N Py)
—Sus
’ —1 + Sus,
= / Fm,n(-'rn)d.'l}n . Q (&)

o0 071
1+ Sus,, )

(£

+/ Fm,n(yn)dyn ) Q (
Sus,,

»—Sus,, " OC
- / Fm,n(mn)dmn ' Fm,n(yn)dyru

—o0 J Sus,,
(49)
where F,, ,(z) is defined in (50):
—Sus,, — & Sus,, — &
Fm,n(vT) = (Q (ﬁ) -Q (ﬁ))
'g(l‘vlvo—n)' (50)

Similarly, Pr(E%¥ N P,,) is given by
Pr(E%Y O P,,)

—Sus
* 1 8 n
= / Fnl,n(gjn)d:];n . Q (&>

oo On

1+ Sus,, )

(TTL

»—Sus,
+ / Fm,n(yn)dyn ) Q <

oo

—Sus,, »—Sus,,
- / Fm,n(l‘n)dwn . / Fm,n(yn)dyn

—oC oS

—Sus
" 1 Sus n
=2- / an,n(xn)dgjn ) Q (ﬁ>

On
-—Sus, 2
+ / Frn,‘n (xn)(]/.’l",n
— 00

The addition of (49) and (51) renders the conditional prob-
ability of Pr({bit error N P¢} N P,,). Then, the relationship
between Sus; and BER can be achieved from (37) and the min-
imum Sus; satisfying a BER target can be chosen. The rela-
tionship between BER and Suss with the minimum Sus; value
chosen above is

(51

BER = Pr (bit error N Pf)
+ Pr (bit error N P, N Py)

+ Pr(bit error N PL N Py N PEY. (52)

Pr(bit crrorn PN PN P¥E) can be simplified to Pr(bit crrorn
P, N PS) given that Sus, is smaller than Susy ; thus, Py N Py ~
P». In general, the relationship between BER and Susj, with a
predetermined minimum Sus; - - - Susg_1 is given by

BER = Pr (bit error N Py)
+ ¥, Pr(bit error N Py N PY)
+ Pr(bit error N P N FPY)
k=234 (53)
provided that

Pr(Pl ﬂP2...Pk)zPr(Pk)7 (54)
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Fig. 14. Simulation setup.

where Pr(Py) is derived in (55).

Pr(Py) = Pr({—Sus; < X% < Susg}
U {—Susy < Y < Susi})
= Pr({—Sus; < X% < Susy})
+ Pr({—Susk < Yy < Susi})
— Pr({—Susy < X < Susi}
N {—Sus < Y < Susi})

_ 5. (Q(lSusk>
Tk
0 (—1—|—Susk>>
O
B (Q (ISusk>
Tk
_Q (1+susk>)2_
O

E=1...
(55)

PF(P5) =0

Finally, the dynamic power reduction ratio of the VPDA MIMO
equalizer can be estimated by using (36) because Pr(Py) =
Pr(Eng41).

V. SIMULATION

The simulation setup of the VPDA MIMO equalizer is shown
in Fig. 14. The channel and optical components are modeled
using OPTSIM and the equalizer is simulated using MATLAB.
Chromatic dispersion up to 1280 ps/nm, equivalent to 80 km in
SMF-28 single mode fiber at a wavelength of 1550 nm, without
PMD is considered as the channel impairment. Hence, 56 Gbps
QPSK data transmitted through a single polarization is used for
the verification of the proposed VPDA MIMO architecture for
simplicity. The bandwidth of the optical filter at the receiver is
set to 60 GHz and third-order Bessel filters with a bandwidth
of 19 GHz are used. 201322 randomly generated bits are used
for the BER simulation, where the BER target is 10~2. The data
sampled by the two nonlinear 56 GS/s ADCs is fed into a con-
ventional equalizer, a DA MIMO equalizer and a VPDA MIMO
equalizer for comparison. The tap length of each equalizer is 32
and the coefficients are adapted using an LMS algorithm. A total
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Fig. 15. Randomly generated total 224 nonlinear characteristics of the SAR-
ADCs.

TABLE 11
NORMALIZED STANDARD DEVIATIONS OF EQUALIZED SYMBOLS UNDER
VARIOUS ADC RESOLUTION

2-bit
0.5045

3-bit
0.3931

4-bit
0.3534

5-bit
0.3407

resolution | 1-bit
Ok 0.7262

of 16 x 7 x 2 = 224 different nonlinear characteristics of SAR
ADCs are randomly generated for two 56 GS/s ADCs by ran-
domizing the capacitance mismatches and comparator offsets.
The standard deviations of the capacitances are set proportional

to y/arca [16], as given by
go, = X V257k‘ XC(;

C,=2"%"%xCs, k=1...5

Cs = Cg, (56)

where « is a process parameter. In this simulation « is set
to 0.4 [16]. The standard deviation of the comparator offset
is set to 40 mV and the full scale of the ADC is set to
£400 mVeak—peak- Total 112 randomly generated nonlinear
characteristics of a single ADC are shown in Fig. 15. The gain
and sampling phase mismatches between 16 track and hold
circuits are randomly generated with standard deviations of
0.2 V/V and 4 ps (0.22UT), respectively. The precisions of the
coefficients of the DA and VPDA MIMO FIR equalizers are
set to 8 bit in order to suppress the penalty due to the finite
precision below 0.1 dB at a BER of 1073,

The simulated values of o, in Fig. 11 for the different ADC
resolutions are summarized in Table II. The relationships
between BER and the range of the suspicious regions for each
VPDA MIMO stage from (53) are plotted as solid lines in
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TABLE III
ENABLE RATE OF A SINGLE BIT EQUALIZER
Pr(Eng) | Pr(Ens) | Pr(Ens) | Pr(Eng) | Pr(Ens)
Eq.(55) 0.983 0.625 0.147 0.021
simulation 0.985 0.624 0.143 0.020

Fig. 16. The hollow circle markers in the figure denote the
simulated BER points. The analytic results (lines) discussed in
Section IV closely match the simulation results (hollow circle).
The normalized suspicious regions with respect to the QPSK
signal space for each level of ADC precision from MSB to LSB
are set to 1.82, 0.86, 0.44 and 0.19 as shown in Fig. 16 consid-
ering the BER penalty. Table III summarizes the analytical and
simulated enable rate of the equalizer at each resolution step
with the suspicious regions selected in the above. The estimated
dynamic power ratio of the proposed VPDA MIMO equalizer
over the DA MIMO equalizer is 0.55 from (36) and thus 45%
of dynamic power consumption can be reduced. The power
ratio of the VPDA MIMO and the conventional equalizer, by
using 1.64 achieved in (27), is

Pyppa  Pyppa

Ppa

Consequently, the VPDA MIMO equalizer achieves 10% power
reduction over conventional approaches.

Fig. 17 shows the simulated OSNR vs. BER graphs for three
different equalizers. The VPDA MIMO equalizer with the
dynamic power reduction of 45% shows a negligible OSNR
penalty compared to the DA MIMO equalizer. The VPDA
MIMO equalizer subsequent to the non-ideal ADCs shows a
0.5 dB worst-case OSNR penalty compared to the ideal five-bit
ADCs followed by an ideal equalizer at a BER of 1072, In
contrast, the conventional equalizer with an identical non-ideal
ADCs shows an OSNR penalty of more than 2.5 dB at a BER
of 1073,

The adaptation speed of the VPDA MIMO equalizer is 56
times slower than that of a conventional parallel equalizer
because one adaptation engine sequentially sets the coefficients
of 56 parallel sub-equalizers. Fig. 18 shows the simulated
tracking performance of the VPDA MIMO equalizer under the
rotation of the polarization plane at a rate of 50 rad/s. Such a
rotational rate is considered severe in 80 km applications [17].
Variable precision scheme is disabled for simplicity. SNR is
set to 13.5 dB and the initial coefficients of the VPDA MIMO
equalizer are set to 0. The clock frequency is 500 MHz and the
BER is measured every 3.6 us. The estimated time constant of
the adaptation engine is less than 2 ms and the VPDA MIMO
equalizer demonstrates negligible BER penalty.

x 1.64 = 0.9.

(57)

Pconvomional

VI. CONCLUSION

A power-and-area efficient BER-aware VDPA MIMO archi-
tecture for a 112 Gb/s DP-QPSK coherent receiver is presented.
The VPDA MIMO equalizer achieves almost same dynamic
power consumption as conventional FIR equalizers and does not
require area-hungry analog domain calibration circuits for the
ADC. The VPDA MIMO architecture is an area-and-power ef-
ficient architecture for distances less than 120 km where the time
domain equalization shows less complexity than the frequency
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Fig. 17. Simulation results of the VPDA MIMO equalizer.
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Fig. 18. Tracking performance of the VPDA MIMO equalizer. (6]

domain counterparts [8]. However, architectural improvements
on the VPDA MIMO equalizer, such as combining ADC’s non-
ideality compensator with the frequency domain channel equal-
izer, are required in order to extend the target reach beyond
120 km efficiently.

(7]

(8]
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