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1 Target Specifications
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(a) 8-bit DAC: top-level (b) 8-bit DAC: circuit diagram
Figure 1: Overview of 8-bit DAC Architecture
Parameter Value
Number of bits 8
Analog Supply Voltage (AVpp) 1.2/1.8 V
Digital Supply Voltage (DVpp) 1.2V
Output Voltage Swing (Differential Peak-Peak), Veg | > 0.8V
INL < 0.5 LSB
DNL < 1LSB
SFDR (Nyquist Bandwidth) > 50 dB
Sampling Frequency (Fy) 1 GSps

Table 1: 8-bit DAC Specification



2 Design of unit cell of the 8 bit Binary DAC

2.1 Design procedure for unit cell

Parameter Value
(inCos | 210 pA/V?
pCos 140 pA/V?

Ag 2% pm
Av,y 2.3 mV.um

Figure 2: Schematic of DAC unit cell

2.1.1 Determining I sp and Vpg
From the circuit diagram shown in figure 31 (b) we can conclude
VOP,mam = VDD
Von,min = Vpp — 255 X I sp X R
- Vout,max = VOP,max - VON,mz’n = 255 X ILSB X R
Vopmin = Vpp — 255 X ILsp X R

VON,maa: = VDD
— Vout,min = VOP,min - VON,maz = —255 x ILSB xR

- VFS = Vout,max_Vout,min = 5]-OXILSBX-R = 510X25XILSB = 12750XILSB
We want Vpg > 0.8 V.
= 12750 x I s > 0.8

0.8
I — = 62. A 1
LSB > 12750 62.75 u (1)
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For high output impedance, the differential-pair transistors (M; and Ms) must

operate in saturation.
— VDMlJ > VGM1,2 —Vry > VSML2
Assuming AVpp = DVpp = 1.2 V in the worst case we want

Vop — 255 x Insg X R > Vpp — VN

Vrn
I [ S
7 LSB S 55 o5
Assuming Vpy = 500 mV
0.5
I 2 _ 7843 uA
LSB < gee o5 = 1043 4

From (1) and (3),
62.75 ,uA < Ipsp <7843 MA

Let,
Ins = 70 pA

— Vps = 12750 x 70 x 107% = 0.8925 V~ 0.9 V

2.1.2 Determining aspect ratios of Mg, and Mpy

From equation (2),
Vsy,, <12-05=07V

For both the biasing transistors to operate in saturation,

VDurg, > VDSAT,

Vsar, 3 > VD, +VDsATy,,

(2)

Since both Mps and Mp4 have the same drain current and assuming they have

the same aspect ratios
VDsaTy,, = VDsaTy,, = VDsATy, (say)
From (6), (7) and (8),
2 X Vpsary, <700 mV = Vpsar,, <350 mV

Let,
VDSATMB =200 mV

Vb, = 300 mV’
V2 = Vbsary,, + Vrn =700 mV
V1= Vb, + Vbsary, +Ven =1V



Now,

. ,U/ncox WB 2
Isp = 5 Lp (VDSATMB)
WB _ 2ILSB N 2x 70 i 50
Lp 27 210x 022 3
B Mncox (VDSATMB> x
Thus,
WMB2 _ WMB4 — @ (11)
LMB2 LMB4 3

2.1.3 Determining aspect ratios of M; and M,
From equations (6) and (8),
500 mV < Vg, , <700 mV

Let,
Vs, , = 600 mV

Both M; and Ms will have same parameters. Depending on the input, one
transistor will be off while other will be on with Ipg = I, sg. Thus,

/Jncox W1,2 2
Insp = TE (VDD - VSMLQ o VTN)
WLQ 2ILSB 2 x 70 200
T, 2T 310x(12-06-052 3
’ pnCoz (VDD — Ve, — VTN)
Thus,
\%% %% 200
M- _ M _ =7 (12)
L, Lm, 3
2.1.4 Determining W and L for all transistors
For a current-steering binary DAC,
INLypgs = 2158 \/ON [SB (13)
2ILsB
DN Loz = JL52/9N [,SB (14)
Insp

From Pelgorm’s equations for matching properties of MOS transistors we know,

2
O'Id

T2 =

Id

2 ~
OV ™~

2
75

gz~

2 2
40VTH

+ 28 (15)
(Vas — Vrm)? 2
A2
2 1
A2
W—BL (17)



2 2
— OlLss _ 4AVTH + Aﬁ
ILss WL (Vpsary,)?  WslLp

(18)

As per the given specs, we want IN L4, < 0.5 LSB and DN L, <1 LSB

Tlise /o8 1 — ZILsB () 0625
LSB LSB

From equation (18),

447, , L I
WpLp(Vpsary,)?  WsLs

2

44y, 2
— WpLp > 256 x | ——V28 4 42
(Vbsaty,,)

Substituting all values,

4 x 2.32
WgLg > 256 x | —=—= +0.02% ) = 0.2378 um?
nlp ( 2002 ) wm

From (11) and (19),

50
—gL%:>O%W8unﬂ = Lp > 0.119 um

Let,

]—_41\/[132 = LMB4 = LB =140 nm

50
WMB2 :WMB4 :WB = ? X LB =23 pm

(19)

(20)
(21)

To ensure fast switching and minimal capacitance at the tail node, the switching
transistors are designed with the minimum channel length. Using equation (9),

Ll\/[1 = LM2 = L1’2 =45 nm
200
VVI\/[1 = WM2 = W172 = ? X L172 =3 pm
Parameters Mpa2 Mgy M, M-, Vrs Iiss
Width 23pum | 23 um | 3um | 3um | 0.9V | 70 uA

Length 140 nm | 140 nm | 45 nm | 45 nm -

Table 3: Chosen parameter values for unit cell

(22)
(23)



2.2 Cascode current source bias

Figure 3: Cascode Current Source Bias

Irsp _ 70 _ .

Loy 10
WMBz _ WMB4 _ 7WM31 _ 7WM33
LMB2 LMB4 LMBI LMB3

Assuming same lengths of all transistors for better matching, from equation (20)

and (21),
Ll\/[B1 = ]—_41\/[132 =140 nm

2.3
— =0.329 ym ~ 330 nm

Wi, = Whg, = 7

From equation (9) and (10),

VBl —VBQ = 300 mV:IREF X R

0.3
=——=30k2
10 x 10-6
Parameter Mpg1 Mpgs R

Width 330 nm | 330 nm | 30 £Q2
Length 140 nm | 140 nm -

Table 4: Chosen parameter values for cascode current source

(24)

(25)

(26)



2.3 Tapered buffer

For a tapered buffer with constant stage ratio p and N stages,

— CL N
p= C;

Total delay is minimised when p = e.

v=m ()

Assuming C' « W x L, considering Cj,, of minimum sized inverter and C7, of
switching transistors of unit cell,

3000 x 45
N= = [2.238) = 2
V” (200 x 45 + 120 x 45>J [2.238]

Thus, required number of stages in the buffer is 2

3 Circuit implementation of DAC unit cell on
Cadence

Clk 250 258

BUFFER,

Figure 4: DAC unit cell with resistive load



3.1 Unit cell implementation

748.249m

Binsing. Circuit

Tovdd 1.2
- —8&—bn

DAC. Unit.Cell

g B49.115m°

. B49.115m .
WE1
T 549.115m
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gnd!

Figure 5: DAC unit cell with current source biasing

10



NOM

wvar 4y

nmo‘sw,\vt M1 o S . .MZ nmasTv_wt
T4B.249m Trgdhn vt o “radsn vt Wrsgin N
. ss . - w=75En

=4

ZE7.717m [ g4anThi'T
W=326n
@, .

(a) Component Parameters

WOM WOP

nmosTv_lvt 1 M1 M2

nmosTv_lvt

748.248m Tid=70.8397u {4=13.138p1 758m

sap.a78m gris=188.221m
region=2 "~

vds=180.872m
’ ragion=>0

1.2 gs=639.472m Ves vgs=—560.028m
y .

66,A828m

vdeat=181:977m ©o 0 cvdsat=48 0 288m

nmestv_lvt 1 kB4
SEQ.228m T1d=79.8397u
- gs=5B1.397m -

:nm:osw,\i/t
267717 m

- gt 3:11gm - =549:1(5m -
vez U m

wde=267.717m

region=2
vdsate=198.433m

(b) DC Operating Points

Figure 6: DAC Unit Cell

FI—‘ bn_bar

g =60.028m

bn_bar

Parameters MBZ MB4

M;

M,

Width 2.24 pm | 2.24 pm

3 pm

3 pm

Length 170 nm | 170 nm

45 nm

45 nm

Table 5: Chosen parameter values for unit cell
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Figure 7: Current Source Biasing

Parameter Mpg1 Mgs R
Width 320 nm | 320 nm | 30 £Q2
Length 170 nm | 170 nm -

Table 6: Chosen parameter values for cascode current source

3.2 Pass transistor

vdd
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(a) Pass transistor
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(b) Minimum Sized Inverter

Figure 8: Component Parameters of pass transistor and inverter
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. ogndl. .

_iL ‘min inverter

Figure 9: Pass transistor and Inverter delay comparison testbench

Parameter My Mp
Width 120 nm | 200 nm
Length 45 nm | 45 nm

Table 7: Chosen parameter values for minimum sized inverter

Parameter My Mp
Width 120 nm | 180 nm
Length 110 nm | 110 nm

Table 8: Chosen parameter values for pass transistor
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(b) Pass transistor delay

Figure 10: Pass transistor and Inverter transient analysis

Delay Inverter | Pass Transistor
Low-High | 321.22 ps 318.62 ps
High-Low | 321.48 ps 318.32 ps

Table 9: Pass transistor and Inverter delay comparison

The delay for both inverter and pass transistor is approximately same and equal
to 320 ps.

3.3 Digital buffer

From previous analysis we know that number of inverter stages in buffer is
2. Also, the gate capacitance to be driven by buffer (Cy, of My or My) is
approximately 2.26 fF.
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vdd
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Figure 12: Buffer schematic

Size of minimum sized inverter are given in Table 4. Size of scaled inverter are
given in Table 7.

Parameter Mn Mp
Width 545 nm | 325 nm
Length 45 nm | 45 nm

Table 10: Chosen parameter values for 2.718x scaled inverter
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Figure 13: Buffer testbench
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Figure 14: Buffer transient analysis

Buffer Delay
Low-High 17.82 ps
High-Low 18.77 ps

Table 11: Buffer delay
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3.4 Analysis of unit cell
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(b) Region of operation of transistors in unit cell

Figure 16: Transient Analysis with varying b,
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From Figure 14, V,,: = Vop —Von is 1.75 mV when b, = 1 and -1.75 mV when
b, = 0. This is what we expect because I sp X R = 70 x 25 = 1750 pV =
1.75 mV.

The cross point of input signals has an impact on circuit performance. We
see transistor Mp, enters subthreshold region for some time during the cross
over. This changes the output impedance of the tail current source, thus caus-
ing dynamic errors. Since transitions happen quickly, at high frequency the
parasitic capacitances provide a low impedance path to signals, thus causing
distortion in the output. Therefore, the spurious free dynamic range (SFDR)
will be affected.

4 8-bit DAC implementation and characteriza-

tion
Vb
Vbp
DVDD
Ideal 8-bit ADC in Verilog A DUT
:‘_“l__'____“‘__'L‘l_1 =2 ____—L____' 259% %259
1 |
I | b, : IBIAS VDD |
| LT Vor—t OVop
ADC [ 7] DAC, )!
1b ) Vamm oVox
Analog input CLK I | CLK (‘.ND/ :
| 1
e T _____ 1 ..--1;---- _____ 1 1 pF—— ——1 pF
p— CLK CIK ——

Figure 17: DAC unit cell with resistive load
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4.1 8-bit DAC implementation

Figure 18: 8-bit DAC schematic

4.2 'Transient analysis with Ramp input

Differential Output Sat Mar 27 22:46:54 2021 1
Mame
500.0 —
m Differantial Output . M Vmax = 459.39 mV/
4000 3
300.0 =
200.0
100.0
Z
E00 3
> 3
-100.0 3
-200,0 3
-300.0 =
-400.0 =
-500.0 =

Figure 19: Differential output with ramp input
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Differential Output Sat Mar 27 22:4654 2021 1
Name

m Differential Output

V(mV)
=~ i
o

Figure 20: Zoomed in differential output with ramp input

Observations:

1. We see a staircase output waveform as expected

2. The glitches are most significant during MSB transitions
Vinin = —459.54 mV
Vinaz = 459.39 mV

orok W

Visp = 3.61 mV

4.3 Errors and non-linearities

Since I had designed for Vrg = 0.9 V, Viin ideat = —450 mV and Viaz.ideal =
450mV . The values for offset, full scale and gain error have been calculated
accordingly.

Offset Error | Full Scale Error | Relative Gain Error
-9.54 mV 9.39 mV 1.021

Table 12: DAC errors
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INL of 8 bit DAC DNL of 8 bit DAC
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0
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O 0 i
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8 bit input 8 bit input

Figure 21: INL and DNL of output obtained with single run

1. Maximum INL,,,, = 0.12 LSB
2. Maximum DNL,,,, = 0.07 LSB

Observe that the specification of INL < 0.5 LSB and DNL < 1 LSB are met.
4.4 Monte Carlo analysis

To speed up the Monte Carlo simulations, the ramp slope was increased and
transient simulation duration was reduced to 256 ns as per instructions.
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1lsh INL Thu Apr 8 15:39:31 2021 1
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Figure 22: I} gp variation
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Figure 23: Output variation
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Sample INL Thu Apr 8 15:23:55 2021 1
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Figure 24: Sample INL
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0.5 - - 0.2 - ‘
)
0
|
£
]
=
-1.5 : : -0.2 : :
0 100 200 300 0 100 200 300
8 bit input 8 bit input
8b Binary DAC 8b Binary DAC
0.1
0
g 1 £ 0.08
= =
T EI 0.06
=
< 0.5 ] 0.04
0.02
0 : : 0 : ‘
0 100 200 300 0 100 200 300
8 bit input 8 bit input

Figure 25: INL and DNL of output obtained with 8 point Monte Carlo Simula-
tion
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1. Maximum INL,,,; = 0.7 LSB
2. Maximum DNL,,,, =0.1 LSB

The first output point from the simulation result isn’t accurate and therefore
the spike at first transition should be ignored when looking at DNL and INL
plots. Observe that DNL specification is met while INL is slightly higher than
desired.

4.5 FFT analysis with low frequency input

199
fsig = 018 % 1GHz=97.65 MHz

(VT("/VOUTP") - VT("/VOUTN")) Sat Mar 27 21:32:46 2021 1

Name

 (¥TENOUTP) - VT7VOUTN )

L

o
T

i e e

925.0 9300 9350 940.0 9450 950.0 955.0 960.0 9E5.0 970.0 9750 980.0 9850 990.C

time (ns)

Figure 26: Transient Waveform
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Figure 27: FFT
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Figure 28: All results

The harmonics are due to capacitive coupling which causes distortion during
transitions. To improve the SNDR we need to minimize the capacitance at the
drain of cascode current source in unit cell.

4.6 FFT analysis with near Nyquist frequency input

999
o =——x1GHz=488.28 MH
fsig 5048 x1GHz 88.28 z
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(VT("/VOUTP'") - VT("/VOUTN")) Sat Mar 27 22:17:14 2021 1
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Figure 29: Transient Waveform
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Figure 30: FFT
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Figure 31: All results

There are no harmonics here since the signal frequency is close to Nyquist
frequency, so only the fundamental tone lies within the band.

4.7 Dynamic performance

SFDR SNDR | ENOB
f=9765 MHz | 50.33 dB | 45.33 dB | 7.24 bits
f=488.28 MHz | 49.75 dB | 44.24 dB | 7.06 bits

Table 13: Dynamic Performance Characteristics

4.8 Power analysis

Theoretically, total static power consumed = Vpp X Ipgp X 255 = 22 mW

From simulation with ramp input,

Average power consumed by analog part = 22.23 mW. This matches the the-
oretical calculation.

Average power consumed by digital part = 3.9 mw

Therefore, total power consumed = 26.13 mW

4.9 Area analysis

W L Area

M,y 1.5 pm | 45 nm | 67500 nm?
Mo 1.5 um | 45 nm | 67500 nm?
Mpy | 1.61 pm | 120 nm | 193200 nm?
Mpsy | 2.24 pm | 170 nm | 380800 nm?

Table 14: Dimensions of Analog part in Unit Cell
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W L Area
M, | 200 nm | 45 nm | 9000 nm?
M, | 120 nm | 45 nm | 9000 nm?

Table 15: Dimensions of Inverter

W L Area
M, | 545 nm | 45 nm | 24525 nm?
M, | 325 nm | 45 nm | 14625 nm?

Table 16: Dimensions of Scaled Inverter

A%% L Area
M, | 180 nm | 110 nm | 19800 nm?
M, | 120 nm | 110 nm | 13200 nm?

Table 17: Dimensions of Pass Transistor

W L Area
M, | 1.5 pm | 45 nm | 67500 nm?
My | 1.5 pm | 45 nm | 67500 nm?

Table 18: Dimensions of Sampling Switch

Total Analog Area per unit cell
= 67500 x 2 + 193200 + 380800 = 0.709m>

Total Analog Area
=0.709 x 255 = 180.795 pum?

Total Digital Area per unit cell
= 9000 24+19800+132004-67500 % 24 (9000 x 2+24525+14625) x2 = 0.3003 pum?

Total Digital Area
=0.3003 x 255 = 76.5765 ym?

Total Area (Digital + Analog) = 257.3715 pum?

4.10 Possible improvements
To improve the static and dynamic performance we can do the following:

1. Use segmentation to reduce dynamic errors which occur during the tran-
sitions of significant bits
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2. Use larger sampling switches for quick transitions to ensure that current
source transistors never enter in triode or subthreshold region

3. Calibrate the current sources to minimize the effect of mismatch

5 Self-calibration technique for improving DAC
linearity

For this part, I have attempted to implement some ideas from the following
paper:

D. W. J. Groeneveld, H. J. Schouwenaars, H. A. H. Termeer and C. A. A. Bas-
tiaansen, “A self-calibration technique for monolithic high-resolution
D/A converters,” in IEEE Journal of Solid-State Circuits, vol. 24, no. 6, pp.
1517-1522, Dec. 1989, doi: 10.1109/4.44987.

5.1 Overview of the paper

Key problem addressed:

The linearity of any current steering DAC is limited by the matching of the
I, current sources. As we try to implement higher resolution DACs say upto
16-bits, limiting the standard deviation to less than half LSB becomes almost
impossible. Therefore, additional calibration techniques are normally used to
achieve this high resolution. The previous calibration techniques have the fol-
lowing drawbacks:

1. Most of the a special calibration period. During this period, the converter
cannot be used for conversion, which particularly limits the application
range.

2. A relatively large chip area is needed to store the error signals.

3. Techniques like laser trimming and external adjustment take precious time
and facilities and are sensitive to aging and temperature.

4. Techniques like dynamic element matching need external components.

Proposed solution:

In the paper, the authors proposed a self-calibration technique which needs no
calibration period, additional trimming, or external components, and is insen-
sitive to process variations. The basic idea can be summarized as follows:

1. A single reference current source is used to calibrate all tail current sources
sequentially, in continuous rotation.

2. The calibration of a single current source is based upon charge storage on
the gate-source capacitance of CMOS transistors (current copier princi-

ple).
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3. Whenever a current source is being calibrated, the respective DAC unit
gets connected to a spare calibrated current source. This ensures that the
DAC is always operational.

The circuit diagrams from the paper give us better insights.

oul;f)

' llref
i St
/

52

(a) (b)
Figure 32: Calibration principle. (a) Calibration. (b) Operation

During calibration phase, I,.y flows through M; and sets the voltage V. Dur-
ing operation, assuming that the charge leakage on Cg is slow, a constant
current I,.r is pulled from output due to fixed Vy,. By the time there is sig-
nificant charge leakage, the current source is again calibrated and delivers I..f
output. This cycle continues.
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Figure 33: Drain current ;s of M7 versus time

From figure 33 we observe 2 things:

1. There is a sudden drop in current immediately after calibration. This is
due to charge injection from switching transistor. The value of this drop

1S
3 [ 2u Aq | Iy
Lisg = Irey — =4 == =24/
ds,g F=9Ve, L VweL

2. There is slow decay of current is due to leakage through reverse biased
diode between source and substrate of Ss. The function with respect to
time for this current leakage is

3 20 1 [1Ia
Ids,leak(t) = lref — 5 Clj' E ﬁlleak:t

Based on the above results, the authors proposed an improvement to the cali-
bration circuit - adding a mirror based current source in parallel to transistor
M so that current is distributed in the 2 paths and size of M; can be optimized
to reduce Igs.q and Igs jeak-
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Figure 34: Block diagram for the generation of N equal continuously flowing
currents.
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Figure 35: (a) Calibration circuitry. (b) Current cell.

Their implementation calibration circuit and unit cell is aimed at a different
architecture of current steering DAC, however the key ideas mentioned above
can be implemented in our project.
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5.2 Circuit implementation of self-calibration technique
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Figure 36: DAC unit cell symbol

It is important to use cascode current source like before to maintain high output
impedance, otherwise this technique would not yield any benefit. However, using
cascode configuration comes at the cost of headroom. To address this, I have
used complementary switches everywhere and kept the drop across switches less
than 50 mV (earlier it was 100 mV). Dummy switch compensation was used to
minimize charge injection during switching.
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Figure 37: DAC unit cell schematic

The digital driving circuitry for unit cell was kept same as before.
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Figure 38: DAC unit cell with digital driving circuitry (1)
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Figure 39: DAC unit cell with digital driving circuitry (2)

For shift register, verilogA blocks were implemented.
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Figure 40: Shift register connected in a ring

Switch array was implemented at transistor level.

35



o vl

dd

nz =
3
e o \Z .
5t s tramrsiy 2 i - outy Eoout :
. . L - B R EEE I . B
4
. A -1 P R . . . . . B P P
B & ooz b L WM PM3 | pmoatu_tt
P . 3 Sbut - | F-barsbuf
Sh—4 ) .
o
E .
o -
3
L g | mim o Wr_nm. . B
i
o

e e el Lo

Figure 41: Switch schematic
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Figure 42: Switch array

Finally all blocks were connected properly to build the 8-bit DAC.
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Figure 44: 8-bit DAC zoomed in view (1)
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Figure 45: 8-bit DAC zoomed in view (2)
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Figure 47: 8-bit DAC testbench

5.3 Simulation results

Before simulating the entire DAC, a small testbench was designed with just 2
current sources as shown. The calibration and operation phases keep toggling
between the between actual DAC current source and spare source, so the DAC

unit is always operational.
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Figure 49: Transient analysis results for the above testbench

Observe that the current remains almost constant between the 2 phases and the
DAC unit is always operational.

Transient simulation for the complete DAC with self calibrating circuit im-
plementation was taking way too much time (mainly because a faster clock is
required for shift registered so simulation step size is reduced). The following
plots are from whatever simulations I was able to carry out in the limited time.
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Figure 50: Shift register inputs
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Figure 51: Sequential turning on and off of switches (only few displayed here)

It takes around 26 ns to complete one round of calibration of all current sources.
After that the cycle repeats. Therefore, the results after 26 ns are of actual
interest.
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Figure 52: Gate voltages of current sources as they are calibrated for the first
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Figure 53: DAC output
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Figure 54: DAC output

There is no way to get SFDR or DNL/INL from these plots, however they at
least indicate reasonably correct implementation of the idea.

42



	Target Specifications
	Design of unit cell of the 8 bit Binary DAC
	Design procedure for unit cell
	Determining ILSB and VFS
	Determining aspect ratios of MB2 and MB4
	Determining aspect ratios of M1 and M2
	Determining W and L for all transistors

	Cascode current source bias
	Tapered buffer

	Circuit implementation of DAC unit cell on Cadence
	Unit cell implementation
	Pass transistor 
	Digital buffer
	Analysis of unit cell

	8-bit DAC implementation and characterization
	8-bit DAC implementation 
	Transient analysis with Ramp input
	Errors and non-linearities
	Monte Carlo analysis
	FFT analysis with low frequency input 
	FFT analysis with near Nyquist frequency input
	Dynamic performance
	Power analysis
	Area analysis
	Possible improvements

	Self-calibration technique for improving DAC linearity
	Overview of the paper
	Circuit implementation of self-calibration technique
	Simulation results


