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Abstract

Design and Implementation on High-order Mismatch-shaped Multibit
Delta-Sigma D/A Converters

Li You, M.S.E

The University of Texas at Austin, 2014

Supervisor: Nan Sun

As the rapid evolution in semiconductor technology, transistors’ feature size has
reached to 22nm and below, which brings great impact to analog and mixed-signal circuits.
As the significant bridge connecting the analog world and digital system, data converter
suffers from nonlinearity resulting from mismatch among its unit components. The smaller
transistors are, the larger relative mismatch among them becomes. However, using larger
transistors leads to more area cost and power consumption. Therefore, researchers have
been working hard on how to alleviate the mismatch issue. In recent years, Dynamic
Element Matching (DEM) becomes a popular approach that can significantly improve
linearity, especially Spurious-free Dynamic Range (SFDR), of a data converter system.
The basic idea of DEM is to shuffle the usage pattern of unit elements so that the mismatch
error is no longer correlated to the input signal. Thus, DAC’s linearity will be improved.
Generally, DEM Nyquist-rate DAC does mismatch scrambling, which smooths distortions
resulting from mismatch into white noise. DEM Delta-Sigma DAC does mismatch

shaping, which pushes distortions away from the signal band, typically lower frequencies.

Vi



In this thesis, we focused on mismatch-shaping Delta-Sigma DACs. Two of those
various algorithms are implemented logically and physically. With placement and routing
information, we got more accurate result on the speed and power dissipation. The
comparison shows the tradeoff among number of quantization levels, mismatch-shaping

order, and hardware complexity.
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Chapter 1: Introduction

Generally, a multibit Digital-to-Analog Converter (DAC) has several elements,
each of which takes one bit from DAC’s input. All elements’ outputs are summed up to
generate the final output of the DAC. The various DACs are essentially different in how
input bits are delivered to the elements and how outputs from the elements are weighted
and summed up to form the final output [1]. For example, binary, thermometer and

segmented DACs are some of the traditional DAC structures.

— unit element
—1 unit element
— unit element
— unit element
—1 unit element
—1 unit element
— unit element
— unit element > Yout

D[3] >— .
unit element
unit element
unit element
D[2] = unit element
unit element
D[] unit element

D[0] >——— unit element

Fig. 1.1 4-bit binary DAC block diagram
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Fig. 1.2 4-bit thermometer DAC block diagram
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Fig. 1.3 4-bit segmented DAC block diagram
2



1.1 SOURCES OF NONLINEARITY IN DACS

Due to process variation, DACs inevitably suffer from the mismatch among the unit
components. A basic way to relieve this issue is to group several unit element into a larger
unit instead of using a single element in larger size (as shown in figures above). However,
the effect of this method is not very satisfactory to achieve higher performance. To further
address this problem, researchers have been working on various approaches to eliminate
the mismatches and improve the linearity. Since mismatch error essentially results from
the process variation, careful layout strategy is one of the straightforward methods to
minimize the mismatches. Other than this, calibration and trimming are among the other
popular ways to achieve higher linearity [2]. However, calibration and trimming are not so
effective when dealing with signals in high frequency, because these two methods mainly
reduce amplitude mismatches among elements. For high speed application, DEM becomes
a popular approach to further reduce nonlinear distortion resulting from pulse shape and
timing errors [3-11]. A detailed analysis of how DEM works is shown in [3-6]. The
essential idea of DEM is to choose the elements in a pseudorandom pattern instead of
thermometer-coded way. Thus, the distortions spread out and become uncorrelated with
the input. Although the SNR will be reduced by using DEM, the total harmonic distortion
(THD) can be greatly improved. Since linearity is what we care more in most cases of
DAC:s, it is a worthwhile tradeoff. In Nyquist-rate high-resolution DACs, DEM can turn
distortions resulting from mismatch error into white noise. The recent research published
plenty of work demonstrating various DEM encoders to achieve higher signal-to-noise-

and-distortion ratio (SNDR) or effective number of bits (ENOB) by mismatch scrambling.

1.2 INTRODUCTION TO NYQUIST-RATE DEM DACS

Fig. 1.1 illustrates that the binary-weighted DAC doesn’t consist of a decoding

block, which makes it simple to implement. However, component mismatches can bring in
3



severe linearity and even monotonicity (e.g. 01...11 to 10...00) issues in binary DACs.
Also, its high switching activity leads to more power dissipation. [9] proposed the random
rotation-based selection which alleviated nonlinearity and high switching activity and kept

simplicity of binary-weighted DACs at the same time. The basic idea is shown as

following:

Conventional
Binary-weighted
Input U; Ug Us Uy U; U, Uy Input (R#) U; Us Us Uy Us U, U,

RRBS

110 [B,[B.[B.[B.[B:[Bi[B)|  110R4) [B.[B:[B[B0[B.[B:[B.
011 [B.[B.[B.[B.[B.[B:[BS Olli(RS) [B. [B, [B:[B:1 [Bo [ B. B>
111 [B,[B,[B.B.[B.[B:[B, llll(Rl) Bo|B.|B,|B.[B.| BB,
100 |B,|B,|B.|B, BIIB.IBOI 100l(R2) |B.|B0 B,|B,|B,|B, Bll
101 |B,|B.|B.|B; BIIB. Bo|  101R0) [B.[B.[B.fB.[B:[B[B,

(a) (b)

Fig. 1.4 Operating principal of the (a) conventional binary-weighted method and (b)
random rotation-based binary-weighted selection (RRBS) method where R#
represents the number of right-rotation steps [9]

Essentially, it shifts the usage of all elements from the conventional binary-
weighted DAC. The number of steps the pattern is rotated is generated by a randomizer.
Therefore, its DEM block has a low hardware cost. Similar idea can be implemented in a

thermometer DAC [10]. Its operating principle is shown in below:



Input: 5 10 Input : 5 10
Input : 7 10 Input : 7 10
Input : 4 4 Input : 4 .0
Input : 2 4 Input : 2 10
Input : 6 17 Input : 6 15
Input : 1 7 Input : 1 :5
Input : 3 SP:2 Input : 3 :5
Input: 5 .. ] . SP:2 Input : 5 05

Up Uy Uy Us Us Us Ug Uy

(a) (b)

Fig. 1.5 Operation principles of the RTC method for (a) RP =2 and (b) RP =4 [10]

In Fig. 1.5, SP is the starting pointer pointing to the first element to choose. The
randomization period (RP) indicates the frequency SP is changed. For example in the case
in [9], RP is one, and SP changes for each sample. It is easy to understand that the smaller
the RP is, more randomized the elements usage pattern will be, and more like white noise
the mismatch spectrum will be. However, DACs implemented with a smaller RP will have
higher switching activity and dissipate more power. The relationship between noise

spectrum and RP can also be verified in simulation results shown below:
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Fig. 1.6 Mismatch spectra of a DAC applying the RTC method with RP equal to (a)

1, (b) 2, (c)4,(d) 8, (e) 16, and (f) 32 [10]
[11] proposed a high-resolution DEM DAC which achieves high linearity as well
as high speed, at the expense of hardware complexity. The DEM DACs discussed above

are summarized in the following table.

[9] [10] [11]
Technology (um) 0.18 0.18 0.18
Resolution (bits) 10 14 14
Sampling rate (MS/s) 500 10 100
SFDR (dB) 73 80.7 &3
Area (mm?) 0.034 0.28 3
Tab. 1.1 Comparison between DEM Nyquist-rate DACs




1.3 INTRODUCTION TO DELTA-SIGMA DACS

Nowadays, Delta-Sigma DACs become very popular in the case that the input
signal has a limited bandwidth which is much lower than half of sampling frequency [12-
13]. Thus, It is possible to take advantage of this property to shape the noise spectrum. The
Delta-Sigma modulator (DSM) is the critical block to implement mismatch shaping that
pushes most noise away from the frequency band we are interested in. The block diagram

of a Delta-Sigma DAC is shown below.

Digital | Analog

domain domain
Input ' Output

Interpolation Delta-Sigma I Reconstruction
—x—— p & D/A | . —
N+M bits Filter Modulator M bi Filter
fs its |
OSR x fs OSR x fs

Fig. 1.7 Delta-Sigma DAC block diagram [13]

As shown above, the input is fed into an upsampling filter, typically an interpolator.
After upsampling, the signal is at a higher frequency, and is fed into the Digital DSM. The
modulator converts the high-resolution signal into a lower resolution. Meanwhile, the error
from this resolution conversion is also taken back into the feedback loop which is inside
the modulator. The last two stages are unit element DAC and reconstruction filter. All
blocks except the last two stages are implemented in digital domain, which is favorable to
accommodate semiconductor technology development. Furthermore, in analog domain, we
only need a low-resolution but high-speed DAC, which does not consume high hardware
complexity. The reconstruction filter, typically a lowpass filter, does not necessarily have

very steep transition region and high stop band suppression. For DSMs, we define the order



of the loop filter as the order of the modulator itself. For example, a simple first-order delta-

sigma modulator (DSM1) can be:

E(z)
(2 v sk
-+ -+ /\-b > V(2)

Fig. 1.8 Linear model of first-order Digital Delta-Sigma modulator
where E(z) is the quantization noise from bit resolution conversion.

From the model shown in Fig. 1.8, we can derive the following equations.

Y(2)=7Y(2)+U(2)-7V(2)

V(2)=Y(@HE@)=2Y(2)+U(2)-2V(2)+E(2)
=U(@)+E(2)-2"(V(2)-Y(2))
=U(2)+E(2)-7"E(2)
=U(z2)+(1-zE(2)
We define signal transfer function (STF) and noise transfer function (NTF) as:
V(z) =STF(2)U(z) + NTF(2)E(z)

Then,
STF(z) =1

NTF(z)=1-z"

Substitute z with€'*"" , then the magnitude of NTF(z) will be:
INTF (e[ =|2sin(z f)|

8



where f'is the frequency normalized by sampling frequency.

From equation above, we can see |NTF| is increasing monotonically when
NTF| ~2rf | based on Taylor

normalized frequency f goes from 0 to 0.5. When f<<1,

expansion. The entire function curve is shown as following:

Y 14 Y v v
« . «
>

v ~ 4
v

........................

N W b

% 01 02 03 04 05
Normalized Frequency (f/f)

Fig. 1.9 Magnitude of NTF in DSM1 [13]

Given the advantages of DSMs, there are two ways to further increase the signal-
to-noise-ratio (SNR). One is to raise the sampling frequency making the system operate at
a higher rate and thus consumes more power. The other is to use a high-order NTF, but
high-order DSMs often have stability concerns. An in-depth analysis is shown in [ 14] about
the stability issue in DSMs and the relationship between modulator’s order, OSR, and
achievable SNR.

Although single-bit quantization is inherently linear, multibit quantization has

lower quantization noise and better stability, leading to a higher SNR. Also, the output of



a multibit quantizer more closely resembles the desired analog signal in time domain,
which releases the requirement on the reconstruction filter. Since components mismatch is
an inevitable drawback leading to nonlinearity in multibit DSM, people have been working
on algorithms to alleviate this impact.

In Chapter 2, many of the published algorithms on DEM in DAC are discussed. In
Chapter 3, the structures which adopt mismatch shaping in non-segmented [24] and
segmented [28] Delta-Sigma DAC are implemented logically and physically. The results

from synthesis tools are analyzed in Chapter 3. Conclusion is presented in Chapter 4.
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Chapter 2: DEM in Delta-Sigma DACs

2.1 BASIC STRUCTURE OF MISMATCH SHAPING DELTA-SIGMA DACS

To address the nonlinearity results from components mismatch, researchers
introduced a block, Element Select Logic (ESL), to shape the mismatch noise spectrum in
a similar way that DSMs shape the quantization noise. To achieve various features or/and
alleviate different drawbacks, many algorithms on DEM in Delta-Sigma DACs have been
proposed [15-31]. A theoretical analysis for multibit mismatch shaping DACs is done by
J. Welz, and I. Galton [32]. A generic block diagram of a DEM Delta-Sigma DAC is shown

as below:
C Delta-Sigma Modulator | !
i v _[(a+iever] |
v ’(‘? - (quar?lizer ;
AL Voo
e e e e e e r--------.‘
P Element Selection Logic |~~~ i
| y
i su o sy vector :
' I quantizer E
| -minQ) _ !
! se '
H Hs -1 L) sv E
A 'M
[ i """'"';
5 Unit-Element DAC ' ;
E . select ; dv
! 08 i M unit elements -

Fig. 2.1 Generic block diagram of a DEM Delta-Sigma DAC [16]
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As shown above, ESL block takes the DSM’s output, v[n], and generates a vector,
sv[n], which consists of M bits. Each bit of sv drives one element in the DAC. The
conversion from v[n] to sv[n] should meet the following equation:

Ysv[n] =v[n], Vn.

DWA is a popular algorithm to implement this first-order mismatch shaping feature
[17-21]. Zhang and Temes proposed one type of DWA, called SeDWA [18], which divided
the DAC elements into several sets and conduct the rotation-based element usage pattern
within each set. As expected, components are used more randomly and inband tones are

reduced. Thus, Higher SFDR can be achieved.

2.2 STABILITY ISSUES AND SOLUTIONS IN ESL

As we can see from the Fig. 2.1, s€ subtracts its minimum value before getting fed
back to the vector quantizer. This is for stability concerns and used to hold the minimum
value of the feedback vector zero [22-23]. However, it costs high hardware complexity to
search a vector’s minimum value. A simpler structure that can hold the vector’s average

constant is proposed in [24].

v[n]
1
z
—sXIn 710 U
’ 1-z7" / 1-z7" va
2 ﬁ
sv[n]

Fig. 2.2 Modified ESL architecture that holds the vector average constant [24]

12



Although the structure in Fig. 2.2 is easier to implement, it can still go unbounded
when the input has a large amplitude. In [24], a new vector quantizer is proposed that takes

the linear combination of both sy[n] and sX[n], instead of only sy[n] in Fig. 2.2.

v[n]

1 sx[n] \Eﬂ_f 1 syln] New
] . 1-7" vQ

NV
|/\_j\
h 74
=
N

N
P

4
Y

|

(1)
<
3

Fig. 2.3 The stable second-order mismatch shaping ESL structure

As shown in Fig. 2.3, this new VQ takes sy[n] + 4sx[n] as its input. A comparison
between these two architectures is done through simulation with the input that has an

amplitude A of 0.85. The result is shown as below [24]:

SVy5

(a)

111

IENEEN]

n+60

(b)

Fig. 2.4 Data usage pattern with: (a) conventional VQ); (b) new VQ [24]
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- NO mismatch
— -~ Conventional VQ1

Output Spectrum [dBFS]

1073 1072 107"
Frequency [f/fg]

Fig. 2.5 Output spectrum for the case of Fig. 2.4 [24]

Fig. 2.2 shows a thermometer-like element usage pattern and its output spectrum
doesn’t have any mismatch shaping in the lower band, which indicates that it goes unstable
for large input. Meanwhile, the new VQ system has a more random element usage sequence
and it shows second-order (40dB/dec) mismatch shaping at the low frequencies in its output
spectra.

By selecting the proper coefficients for the linear combination of the state vectors,
the structure shown in Fig. 2.3 can be expanded to achieve higher-order mismatch shaping
ESL. The following combination of the state vectors is verified in [24] to be stable in the
third-order and forth-order mismatch shaping ESL.

Third-order: R[n] = 5Z[n] + 165y[n] + 645%[n]

Fourth-order: R[n] = sw[n] + 165Z[n] + 645y[n] + 5125%[n]

14



~ ) - /

. . 5
—, — pp N
1 sx[ri%a 1 Y[l n 1 sz[n] New
1z 7N 1-z1 1-z7"1 vQ

A4

sv[n]

Fig. 2.6 Stable third-order mismatch-shaping ESL in [24]

vin]
71
gl PP LA g Py J A1 vQ
N
7€
A 4
svin]

Fig. 2.7 Stable forth-order mismatch-shaping ESL in [24]

o0 fsirenes : P e No mismatch |
— - Conventional VQ used

Spectrum [dBFS]

140} 60 dB/dec

-160 17" ..... s

03 1072 10"
Frequency [f/fg]

Fig. 2.8 Comparison between third-order mismatch-shaping VQ in [24] and
conventional VQ for A =0.5
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Fig. 2.9 Comparison among different ESL in [24]

Both Fig. 2.8 and Fig. 2.9 indicate that the third-order and forth-order ESL can keep
stable with the new VQ taking a linear combination of all intermediate state vectors, while
the conventional VQ goes unbounded. Moreover, all coefficients adopted above can be

easily implemented by bit shifting since they are all power of 2.

2.3 SEGMENTED MISMATCH SHAPING ESL ALGORITHM

Other than the stability issue, we can see that the complexity of ESL and the number
of unit elements grow exponentially with DAC’s bit width. Therefore, this DAC usually is
less than 5 bits, given the reasonable area and power budget. To further increase the bit-
width of the DAC, it is a straightforward idea to make it a segmented DAC like we did for
a traditional Nyquist-rate DAC. In other words, a segmented DAC can reduce the number
of unit elements and control signals need to be generated by the ESL. For example, if we
want to design a 6-bit DAC, a segmented one can have three segments, with a weight of 1,
4, and 16, respectively. Each segment has 4 units. In total, ESL needs 3 x 4 = 12 output

control signals, comparing to 63 signals for its counterpart with all unit-weight elements.
16



To incorporate mismatch shaping into a segmented DAC, several ESLs are needed

to control separate segments and shape the mismatch error within each segment. However,

element mismatch between any two of the segments are not alleviated by simply breaking

ESL into several parts. To deal with mismatch between different segments, [25-26]

proposed the tree-structured segmented the mismatch shaping DAC and analyzed

systematically the techniques to design mismatch shaping Delta-Sigma DACs. In this

structure, the elements in all segments is required to be weighting the power of two. Its

mismatch shaping order cannot be higher than two.
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Fig. 2.10  The architecture of segmented DAC proposed in [25]
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Fig.2.11  Segmented mismatch shaping DAC in [27]

[27] proposed an approach to achieve a higher-order segmented mismatch shaping
DAC (Fig. 2.11), and it doesn’t set strict requirement on the unit element weights.
However, its higher-order mismatch shaping is obtained at the expense of a larger number
of unit elements.

Digital input: d[n]

Multibit AX modulator

lv[n]

Segmentation logic (SL)

Seg #1|v1[n] Seg #2|v,[n] Seg #L|v,[n]
o ) e — e e~ L
1| EsL#1 i; EsL#2 i - - i EsLaL :
R SR SR S
 ounit i unit | i unit |
i| element |} i| element |} - - i| element |}
if pac #1 [} if pac #2 | i| DAC#L [:
LN @ howonhommmd LS oo

£
L
=

e
G

Analog reconstruction filter

v
Analog output: a(t)

Fig. 2.12  Block diagram of segmented mismatch shaping DAC in [28]
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Fig. 2.12 shows the architecture of the segmented mismatch shaping DAC
published in [28], which overcomes the down sides of those in [25-27]. The segmentation
logic (SL) block is incorporated in this block to deal with mismatch among segments. The
way to generate vi[n], vo[n], ..., vi[n] feeding into each of segments is shown in below:

v[n]

x[n
L [n] MO

J—0.5—+

v[n]
J,—0. -
’ 1-z° MQ
v4[n]
(b)
v[n]
V

MQ

1 1
Jz-o.sﬁ(?-) — x{ﬂ}{?—; —

(©)

v4[n]

Fig. 2.13  Generation of vi[n] with (a) first-order mismatch shaping (b) second-order
mismatch shaping (c) third-order mismatch shaping [28]
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SL block

E v4*[n] v, [n] vl .

A ST Y TI B
v v v

v4[n] V,[N] v _4[n] v [n]

Fig. 2.14  Structure of a complete SL assembled iteratively [28]

Fig. 2.13 and Fig. 2.14 show the structure of SL with first-order, second-order, and
third-order mismatch shaping. Taking the stability, noise surrpression, and hardware cost
into consideration, we choose a = 1 for the second-oder SL and a = 32, b = 8 for the third-
order version (See Fig. 2.13 (b) and (c)). The output of modular quantizer (MQ), vi[n], is

dependent on the polarity of its input, R[n] for instance. This dependence is defined as:

v[n] mod J,, R[n] <0

viln] = {(V[n] modJ,) + J,, R[n]=0

20



It is analyzed theoretically and verified through simulation that the number of unit

components does not increase as the order of mismatch shaping goes up [28].
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Chapter 3: DEM Implementation and Results

In this chapter, the algorithms introduced in [24] and [28] are implemented in
Verilog and synthesized through Design Compiler. With the interconnection taken into
account, physical layout is also complemented to give us more accurate timing, power and

area information.

3.1 LOGIC IMPLEMENTATION OF NON-SEGMENTED ESL:

The Verilog implementation for ESL block is shown below:

begin

sx[C0] <= =x[C0] - =v[C0] + w!

sx[1] <= =x[1] - =v[1l] + !

sx[2] <= =x[Z2] - =v[Z] + ¥!

sx[Z2] <= =x[Z] - =v[Z] + !

zx[4] <= =x[2] - =v[=] + ¥!

sx[Z] <= =x[Z] - =v[Z] + ¥!

sx[e] <= =x[c] - =v[e] + ¥!

sv[C0] == =v[C] sx[C0] - =svw[C0] + ;!
sv[l] == =v[1l] sx[1]1 - =v[l] + ;!
sv[Z] == =v[Z] sx[2]1 - =sv[Z] + ;!
sv[3] == =v[3Z] sx[32]1 - =v[3] + ;!
sv[4] == =v[£] sx[24]1 - =v[4] + ;!
sv[z] == =v[Z] sx[=]1 - =sv[Z] + ;!
sv[e] == =v[E&] sx[e] - =svw[E] + ;!
z2[0] <= =sz[01 + sv[o] - svItD + Added for 3"-order

sz[l] == =z[1]
zz[2] == =z[2]
zz[2] == =z[2]
zz[2] == =z[4]
zz[2] == =z[=]

\sz[:'] == sz[7]

sv[l]l - =sv[l] + ;!
sv[2] - =sv[Z] + ;!
sv[3]1 - =sv[3] + ;!
sv[24] - =sv[4] + ;!
sv[z] - =sv[Z] + ;!
sy[a] - =sv[a] + vij

sw[l] <= =w[C] sz[C0] - =svw[C0] + ;! th
sw[ ] <= sw['] + sz[.] - =v[.] + w: = Added for 4%-order
sw[Z] <= =w[Z] sz[2]1 - =sv[Z] + ;!

sw[i] <= =w[Z] sz[32]1 - =sv[3] + ;!

sw[4] <= =w[£] zz[4] - =v[4] + ;!

. I T T T I e e A e e A N

sWw[Z] <= =sw[Z]
swl[e] <= =sw[E]

end

sz[Z] - =sv[Z] + ;!
zz[e] - =svw[E] + «

Fig. 3.1 Verilog implementation of mismatch shaping ESL
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assign R[C] = sv[C] + (=sx[C] << Z):
assign R[1] = sv[1] + (sx[1] << Z):
assign R[Z] = sv[2] + (sx[2] << 2}
assign R[] = sy[2] + (sx[2] << 2);
assign R[2] = sv[2] + (sx[=2] << 2):
assign R[Z] = sv[3] + (sx[3] << Z)7
assign R[&] = sv[&] + (sx[c] << 2)2
(a)
assign R[C] = s=z[C] + (=sv[C] =< 4) + (s=x[C] =< g}
as=ign R[] = ==[1] + (=v[l] =< 2} + (==x[_] == 5}:
assign R[Z2] = =sz[Z] + (=sy[Z] <= =) + (=s=[Z] << &)
assign R[Z] = sz[2Z] + (=sv[Z] =< 42} + (s=x[Z] =< 9}
as=sign RE[=2] = =sz[=] + (sy[=] << 2) + (==x[=2] << &)
assign R[Z] = ==[2] + (=v[=] <= =) + (==[Z] << o)
assign R[2] zz[c] + (=v[c] =< 2} + (s=x[2] << ©);
(b)
assign R[C] = sw[C] + (sz[0] == <) + {(=sv[C0] << 8} + (==x[C] =< 2):
assign R[1] = sw[l] + (sz[.] =< <) + (sy[l] << 8} + (=s=x[1] =< =2):
assign R[Z] = aw[Z] + (=2z[Z] =< 2} + {(=y[Z] =< &) + (=x[=2] =< =2):
assign R[Z] = sw[Z] + (sz[Z] << 2} + {(=sy[3] << &)} + (=s=x[=Z] =< =Z);
assign R[<4] = sw[<] + (sz[=] =< 2} + {(=sy[=2] << &} + (=s=x[4] =< =Z};
assign R[Z] = sw[2] + (sz2[2] == <) + (svy[3] << 8) + (==x[Z] =< 2);:
as=sign R[c] = sw[c] + (sz[2] =< <2) + (=sy[c] << 8) + (=x[c] << =2);
(c)
Fig. 3.2 Linear combination of state vectors for ESL with (a) 1% order (b) 2" order

(c) 3" order

As described in Chapter 2, the linear combination, R in Fig. 3.2, of these state
vectors, which are, sX, 5y, sZ and sw, is fed into another module, VQ (see Fig. 2.3). To
simplify its calculation, we choose all coefficients to be the power of 2, so that
multiplication can be converted into shifting. The module VQ basically does comparison
among all the values of R. With the sequence information of state vectors, VQ finds the
top “v”’ values in R and sets the according elements in v to be “1”. For example, the vector
R has M datas in total, which are {R[0], R[1], ..., R[M-1]}. In a certain cycle, the output
of the DSM, v, is 4. In this cycle, R[1], R[4], R[6], and R[M-1] are the four largest values.

Therefore, sv[1], sv[4], sv[6], and sv[M-1] will be set to be “1” for this cycle. In other
23



word, the essential function in VQ is a partial sorter, which is targeted to find the indexes

of the top n values in the vector. This mechanism in VQ automatically makes our ESL

meets the following requirement.

LOGIC SYNTHESIS AND PHYSICAL IMPLEMENT OF NON-SEGMENTED ESL:

3.2

synthesized netlists of ESL in different order are

With standard cell library,

Design Compiler. Based on that, the physical layout is completed

b

generated by Synopsys

we implemented a non-

2

using IC Compiler with TSMC 0.18 pm process. In this part

segmented ESL for DACs with seven elements. The figure below shows the final layout of

B S

Sl Ry

which has a total area of 270 um x 270 pm.

2

the second-order ESL

Layout of the second-order ESL (power grid not shown)

Fig. 3.3
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Fig. 3.4 Cell density of the second-order ESL

Fig. 3.4 shows the cell density on the placement of 2™-order ESL. We can see the
average utilization is around 60%, which is within the reasonable range. The following

figure shows its critical path, which has a positive timing slack indicating we meet the

target frequency, SOMHz.

Fig. 3.5 Critical path of the second-order ESL
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Different mismatch shaping order ESLs operating at SOMHz are compared as below

in terms of area (gate count), power, and:

Gate Count Total Power (mW) Delay
Combinational | Sequential Cell Cell Net Total (ns)
Area
(um?)
1 2859 52 52984 0.61 0.18 0.79 8.04
Order
2nd 3928 98 70303 1.36 0.40 1.76 8.05
Order
3rd 5205 147 98933 2.14 0.64 2.78 8.02
Order
4t 6635 196 128638 2.91 0.85 3.76 8.06
Order

Tab. 3.1 Comparison between ESLs with different order

Tab. 3.1 shows ESLs in different orders have similar delay. This can be explained
by their critical path, which starts from the flop that stores R, goes through VQ, and
eventually ends up to the output pin (see Fig. 3.5). VQ in these three ESLs are almost the

same, so it introduces same amount of delay in ESL.
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Fig. 3.6 Breakdown figure of ESL on (a) gate count (b) power

Fig. 3.6 gives a more straight forward view about the percentage of different

components in delay and power.
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3.3 LOGIC IMPLEMENTATION OF SEGMENTED ESL:

The segmented mismatch shaping algorithm in [28] is also implemented in the same
way and synthesis environment. As shown in the block diagram of the segmented ESL
(Fig. 2.12), the implementation of ESL described above can be reused to assemble this
segmented version. The critical part is within the SL block, and its code is shown in the

following:
alway=s @ (posedge clk)
—|begin
if('x=st)
X == 0
el=e
XR<=2x - vl + 2'p111; J/J - 0.5 = 3.5

end

ways @ (po=sedge clk)
begin

if (lrst rd
i }i z: } «— Added for 3%-order

el=e
¥ <=y +x - vl

end <J)

alway=s @ (posedge clk)
begin th
g — Added for 4™-order
if('x=st)
5 == 0}

el=e

s<=3s5+y -z vl;
cd

Fig. 3.7 Implementation of mismatch shaping SL

For SL in different order, the MQ module (see Fig. 2.13) keeps the same. Its main
idea is to get the residue and add J to it when x is larger or equal to zero. In this paper, we

take J equals to 4.
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34 LOGIC SYNTHESIS AND PHYSICAL IMPLEMENT OF SEGMENTED ESL:

The physical layout for segmented ESL can be built up based on its block diagram.
So these submodules are clustered in blockages when doing placement. With its physical
information, we did the similar comparison among segmented ESL blocks in different

order as the comparison between ESL blocks.

Gate Count Total Power (mW) Delay
Combinational | Sequential Cell Cell Net Total (ns)
Area
(um?)
1 15617 336 280621 | 4.11 1.16 5.26 9.04
Order
2nd 16111 354 295327 | 5.74 1.58 7.32 9.20
Order
3rd 16638 400 300613 | 6.24 1.64 7.88 9.16
Order
Tab. 3.2 Comparison between segmented ESL with different order

As we explained in the previous part, the speed of segmented ESLs doesn’t vary a
lot among different mismatch shaping orders. Moreover, we can see it from Tab. 3.2 that
the combinational cell number increases by only 6.5% when mismatch shaping order grows
up to the third order, while the sequential cell number increases by almost 20%. This
difference is mainly due to two reasons: the partial sorter in VQ is the dominant part in
gate count of the whole ESL; the number of elements that need to be sorted doesn’t change
with the order of ESL. In other words, VQ can be reused in ESLs with different mismatch

shaping orders. Therefore, the bit-width of ESL is the dominants its complexity.
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Fig. 3.8 Breakdown figure of ESL on (a) gate count (b) power

As we described in Chapter 2, the segmented mismatch shaping block has an
advantage in hardware complexity, compared to its non-segmented counterpart with the
same number of quantization levels. It’s predictable that the complexity of a non-
segmented increases exponentially with increasing in bits of quantization levels.

Total Gate Count « 28, where B is the resolution of DACs
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If we implement a 7-bit non-segmented ESL in the same way as what we did in
section 3.1 and 3.2, its hardware cost can be derived based on the relation shown above.
The comparison between these two algorithms is shown as below:

Gate Count

90000
80000
70000
60000
50000
40000
30000
20000

1 T
0

Non-segmented Segmented

B I1st order M 2nd order ™ 3rd order

Fig. 3.9 Comparison on gate count between segmented and non-segmented ESL with
same levels of quantization

Power
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5 I
e R
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(€]

o

B 1st order M 2ndorder m3rd order

Fig.3.10  Comparison on power between segmented and non-segmented ESL with
same levels of quantization

31



Chapter 4: Conclusion

From the results in Chapter 3, higher-order mismatch shaping in ESL can give
better noise suppression but needs more hardware cost. One obvious reason is that it
requires more sequential cells to restore intermediate state vectors. Moreover, the linear
combination of the state vectors requires more and wider adders as the mismatch shaping
order raises. Therefore, there is a tradeoff between mismatch shaping order and hardware
complexity. Designing mismatch shaping DACs can be targeted with specification on
various aspects. A mismatch noise suppression driven design usually consumes more area
and dissipates more power.

Instead of increasing the cell number exponentially to achieve more quantization
levels, segmented ESL alleviates the complexity issue. In this thesis, we implemented a
segmented ESL which can achieve higher order mismatch shaping and hold the number of

unit elements in DAC as mismatch shaping order increases.
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