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Figure 3.18 NMOS boosting amplifier 

PMOS-boosting amp since the source of NMOS cascode transistor is not a sensitive 

node. The GBW= 700MHz and phase margin is 35 degree. Through simulation, we 

found out that the frequency behaviour of this NMOS-boosting amplifier was not criti­

cal to the frequency behavior of the whole opamp. The DC gain of the NMOS-boosting 

amplifier is 52. Figure 3.19 and 3.20 show the frequency response. 

3.2.3.4 Gain-boosted fully differential folded-casco de amplifier 

Figure 3.21 presents the resulting gain-boosted fully differential folded-cascode am­

plifier. It has two more capacitors noted as Cc adding on the output of the PMOS­

amplifiers to improve the phase margin. As shown in Figure 3.11, 3.16 and 3.19, the 

bode plot of the mail folded-cascode amplifier and the boosting amplifiers are all not 

simple first-order roll-off. Hence the pole-zero analysis is much more complex than what 

has been shown in Figure 3.14. Although unity-gain frequencies of the boosting amli­

fiers satisfy equation 3.11, we still have a problem in achieving satisfactory phase margin 

without the compensation capacitors. The compensation will sacrifice the bandwidth 

of the PMOS-boosting amplifier, therefore affecting the overall bandwidth and settling 

behaviour. However the degradation is still tolerable. 
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Figure 3.19 AC response of NMOS boosting amplifier: magnitude 
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Figure 3.20 AC response of NMOS boosting amplifier: magnitude 
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Figure 3.21 A gain-boosted fully differential folded-cascode amplifier 

When the opamp is slewing, the maXImum current available for the slew rate is 

limited by the bias currents of transistors M7 or M8 in Figure 3.21. Even if the common­

mode feedback circuit is fast, the slew rate of a fully differential opamp is seldom to the 

degree of a single-ended output opamp. For this reason, fully differential folded-cascode 

opamps are usually designed with the bias currents in the output stage equal to the bias 

currents in the input transistor pair (Johns97]. For high-speed applications, this current 

is fairly large. In our design, the currents in M7 and M9 are biased at 2mA. 

Neglecting second-order effects, the equation describing the behavior of aMOS tran-
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sistor in saturation region is 

I = JICox W (10 _ \Ir )2 
D 2L as T (3.13) 

and W /L can be calculated by 

W 2ID 

L JICox(Vas - VT )2 
(3.14) 

The currents of the opamp are 

18 = h = 14 = 2mA 

19 = 10 

III = 2mA 

The MOS transistors in the opamp are usually biased at a low excess voltage Vas - VT . 

The desired excess voltages for the transistors are following: 

Vlo Vll = 150m V 

V7 = 1 V5 = Va = V6 = 200m V 

V9 Va = Vl = 400mV 

V3 V4 = 300mV 

The input pair has a minimum excess voltage for maximizing the gm and furthermore the 

unity-gain frequency of the opamp. Since transistors M9, MO and M1, the currents are 

4mA. In order to reduce the transistor size, the excess voltage is chosen to be 400m V. 

For the PMOS cascode transistor pair, the excess voltage is chosed to be 300m V for 

increasing the gm with a moderate size since the PMOS is rather weak in this process. 

Typical value for ~JICox is 112.7JIA/V2 for NMOS and 24.8JIA/V 2 for PMOS. Know-

ing the currents, the excess voltage and the above parameters, we can estimate the initial 



sizes of the transistors of the main opamp. 

M9: ~ 

M10,M11: l[ 

M5, M6, M7, M8: l[ 

MO,Nl1: l[ 

M3,M4: l[ 
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4 X 10-3 

-------,----- = 223 
112 x 10-6 x (004)2 

2 x 10-3 

112 X 10-6 x (0.15)2 = 773 

2 x 10-
3 

= 446 
112 x 10-6 x (0.2)2 

4 x 10-
3 

= 1008 
24.8 x 10-6 x (004)2 

4 x 10-
3 

= 896 
24.8 x 10-6 x (0.3)2 

However in this digital 0.35J.lm process, the channel lengeh is short, thus the higher 

order effects are considerable. The final transistor sizes by simulation in level39 model 

is shown in the apprendix. 

The gain-boosted amp lifer can achieve a gain proportional to (gmro)3. Figure 3.22 

and 3.23 show the AC analysis results for the gain-boosted folded-cascode amplifier. 

Single-ended DC gain is 6128, so the differential gain is more than 12K i.e. 81dB. The 

phase margin is 59 degree and unity-gain bandwidth is 545MHz with Cc equal to 300fF. 

3.2.3.5 Common-mode feedback circuit 

One drawback of using fully differential opamps is that a common-mode feedback 

circuit(CMFB) must be added. This extra circuitry is needed to establish the common­

mode output voltage. There are two typical approaches designing CMFB circuits; 

a continuous-time approach and a switched-capacitor approach. Because the opamp 

is used in a switched-capacitor circuit, we use the latter approach because switched-

capacitor CMFB circuits are generally preferred over their continuos-time counterparts 

since they allow a larger output swing(Johns97]. The schematic of a switched-capacitor 

common-mode feedback circuit is shown in Figure 3.24. 

The two capacitors are of equal size and should be included in the load of the opamp. 

During the sampling phase, the pair of capacitors are precharged to the proper value 
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Figure 3.24 Common-mode feedback circuit 

used in amplifying mode. During the hold phase, they are connected in a common 

mode feedback loop, creating the gate voltage of devices M7 and M8, and controlling 

the current source of the opamp. 

Using excessively large capacitance overloads the opamp during amplifying phase, 

while reducing the capacitors too much causes common-mode offset voltage due to charge 

injection of the switches. We used a value of 300fF. The "cmbias" voltage is designed 

to be equal to the difference between the desired common-mode voltage and the desired 

control voltage used for the opamp current sources. 

The "cmbias" is generated by a diode-connected transitor chain as shown in Fig-

ure 3.25. The generated voltage is -750m V when simulating with Level 39 nominal 

model. However when simulating using Level 39 slow model, the desired "cmbias" volt-

age changed to -684.9mv and the generated voltage is not close enough. Thus in addition 

to the transistor chain, this "cmbias" node can be also accessed by an off-chip voltage 

source which can be adjustable to track the process variation. 



48 

CMBIAS 

Figure 3.25 cmbias voltage generator 

3.2.3.6 Bias circuit 

To finish the discussion of the design of the opamp, Figure 3.26 shows the schematic 

of the bias circuit. This circuit uses a current source generated from a master current 

mirror as shown in Figure 3.27 to create six bias voltages including those needed by the 

boosting amplifiers. 

Figure 3.26 Bias circuit 
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I2 

Figure 3.27 Master current mirror 

3.2.4 Simulation results of MDAC 

Now we are ready to present the simulation results of the multiplying digital-to­

analog converter. Figure 3.28 shows the transient response of the MDAC. The square 

waveform is the hold clock signal. The MDAC is in amplify mode when it is high. 

The positive and negative output waveform are both shown in the figure as well as the 

differential output. With a differential input of 1.8V, we have the differential output of 

1.70954V within 9ns, which means the MDAC has achieved ll-bit accuracy within 9ns. 

Figure 3.29 is the block diagram of one cell which shows the differential connection 

between MDAC and the comparator. Since the operational transconductance amplifier 

is an inverting amplifier, the output needs to be switched when the MDAC is connected 

with the comparator. 

3.3 Comparator Design And SiInulation Result 

In the final section, the comparator schematic and simulation results are presented. 

The comparator is designed by Ms. Hui Liu. 

Figure 3.29 shows the schematic of a comparator. It consists of an OTA and two 

inverter stages and a D-Iatch. The worst case minimum resolvable signal is 4.3mv and 

the simulation result is shown in the Figure 3.30. The comparator is strobed when <1>2 



.:/relI9 
l.B .,fretll 

B 

11 

B. B\ 

-1 I\J 

-1 
!I0.B 

J 

I 1\ 

If 

0 

9Il.1 100. 

50 

T'll'"ISierrt Respcnst 

; f~~hIO - .,,""10) 

J 
I 

~ ,~ 

\ \ 

U 

Ie. I1B. 

Figure 3.28 Transient analysis of the MDAC 

goes low as shown in the timing diagram Figure 3.1. 

3.4 Conclusion 

In this chapter, the timing for the pipelined ADC is first discussed. The multplying 

DAC design especially the opamp design is presented after an analysis of the errors 

-----------------------
I I 

---.---1+ 

I I 
-----------------------

MDAC 

Figure 3.29 Differential connection between the MDAC and comparator 
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Figure 3.30 Schematic of the comparator 
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Figure 3.31 Transient analysis of the comparator 
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sources in sample-and-hold circuits. The comparator design was also described. Off-chip 

digital self-calibration will be performed for the convenience of testing the calibration 

algorithm. For the second fabrication pass, on-chip digital calibration logic will be 

implemented. As the conclusion of the design of the pipeline stage, the following tables 

list the overall specification. 

Table 3.2 Gain-boosted amplifier specification 

DC gain 81dB 
Unity-gain bandwidth 545MHz 

Phase margin 59 deg 
Slew rate O.9V Ins 

Table 3.3 MDAC specification 

Settling time :=;9ns 
Resolution ll-bit 

Dynamic range ±O.9V 
Power dissipation 33mW 

Table 3.4 Comparator specification 

Min resolvable signal 4.3mV 
DC gain 80dB 

Power dissipation O.9mvV 
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4 SYSTEM SIMULATION RESULTS AND LAYOUT 

In the previous chapters, we discussed the architecture of a 12b/50M ADC, especially 

the design of the multiplying DAC(MDAC). We also included the simulation results for 

MDAC as well as the comparator in chapter 4. In this chapter, we will present the 

SPICE simulation results of the system and discuss the layout design of the system. 

As mentioned in the previous chapter, the digital self-calibration is performed off-chip. 

Thus the layout of the digital calibration logic circuit is not covered here. The digitally 

self-calibrated ADC has two mode of operation: normal conversion mode and digital 

calibration mode. The configuration of the ADC for calibration will be covered in the 

last section of this chapter. 

4.1 System Simulation Results 

Before we begin the top level simulation with our non-binary gain stages, we simu­

lated the system with the gain of all stages set to 2 for function verifications, since the 

digital output of a binary system is easier to interpret. 

4.1.1 System simulation results with gain of 2 MDAC 

Figure 4.1 shows the block diagram of the top level binary radix simulation. 

For a bipolar radix 2 pipelined ADC, missing codes and missing decision levels are 

most likely to happen near the major transition point. Hence we did the system simu­

lation at the major transition point where the input signal is "0". With a "1" digital 
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Stage 1 Stage 11 Stage 12 

Yin 

G=2 G=2 G=2 G=2 G=2 

Clock Clock Clock Clock Clock 

Figure 4.1 Top level block diagram with the interstage gain of 2 

input, The waveform of digital ouputs of 11 stages is shown in Figure 4.2, which shows 

the correct output "00000000000". We also tested the other case, in which the digital 

input is "0" and the analog input is still "0". And we had the right digital output code 

which was "11111111111". The nets from the top to bottom in Figure 4.2 correspond 

to the digital outputs of all MX2 stages from stage 1 '" 11. 

4.1.2 System simulation result with gain of 1.9 MDAC 

This time, the gain of the multiplying DAC is switched from 2 to 1.9. The SPICE 

simultion results is shown in Figure 4.3. The digital input of the system was "1", and 

the analog input was also zero, we had the digital output of "000010101010". To verify 

the results, let us compare the measured results to the calculated results. 

The measured digital outputs are no longer same as the calculated digital outputs 

starting from the 11th stage. The reason can be explained in Figure 4.4. 

Table 4.1 Calculation and Measurement Results 

Stage No. Voutcal Deal Voutmeas Dmeas 

Stage 1 Ox 1.9 - 0.855 x 2 = -1.71 0 -1. 7095 0 
Stage 2 -1.71 x 1.9 + 0.855 x 2 = -1.539 0 -1.5378 0 
Stage 3 -1.539 x 1.9 + 0.85.5 x 2 = -1.2141 0 -1.2114 0 

Stage 10 0.4119 x 1.9 - 0.8.5.5 x 2 = -0.9139 0 -0.51 0 
Stage 11 -0.9139 x 1.9 + 0.855 x 2 = -0.026 0 0.75 1 
Stage 12 -0.026 x 1.9 + 0.855 x 2 = 1.6608 1 -0.28 0 



55 

x10 0 
Transient Response 

-1.63 I: /net45 

-1.6J 
!I :1 ~I !I !I !I !I !I !I ~ !I !I ~ I !I !I !I 

x10 0 

.10 I: /net27 

-1.8l II 

x10 0 
2.0 I: /net94 

-2.J , ,) , ,I II I 

x10 0 

_2~0J 
I: /net106 

,n 
x10 0 
2.0 I: /net181 

-2J I ,J I ,\ I! I I 

x10 0 

_2~0J 
I: /net307 

J II I I 

x10 0 
2.0 I: /net253 

-2.J I ,) I 1\ II I I 

x10 0 

_2~0J 
I: /net235 

II It 

x10 0 
2.0 I : /net199 

-2.J I ,) I II I I I 

x10 0 

_2~~J 
I: /net217 

) 
I 1\ I I 

x10 0 
2.0 I: /net163 

-2.~ , ,) I II I ,x10-9 
0.00 100. 200. 300. 

time 

Figure 4.2 Top level simulation results with the interstage gain of 2 
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Figure 4.3 Top level simulation with 1.9X MDAC 
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Figure 4.4 Reference scaling for gain of 2 and 1.9 

When the interstage gain is set to 2, an input of Vre! of the first stage can be kept 

at full reference scale going down the stages. On the other hand, when the interstage is 

less than 2, the input Vre! would be scaled down. After some stages, 11 stages in our 

case, the calculated value without any error would be O.026V, and it would be close to 

the threshold of the comparator. The comparator can easily make a wrong decision. 

4.2 Layout Considerations 

For such a large mixed-signal system as a 12b/50M pipelined ADC, we will need 

a hierarchical layout scheme to design effectively. Fortunately an advantage of the 

pipeline ADC is that it is easy to realize hierarchically. Once the layout of a single stage 

is completed, the layout of the whole pipeline can proceed rapidly. The floorplan of the 

pipelined ADC is shown in Figure 4.5. 

The resolution targeted by our design requires careful layout. The effect of digital 

circuit noise has been one of the major sources of degradation in performance in the 

ADC. The analog signals are kept far away from the digital area in order to avoid digital 

noise coupling. Therefore all the clock buffers and input clock line are located in either 
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top or bottom part of the chip. 

In Figure 4.5, 12 stages of pipelined ADC are shown. The 4th stage is shown in more 

detail although all the stages are identical. 

Now we are ready to discuss the details of the layout of subblocks. 

4.2.1 Operational transconductance amplifier layout 

Since the operational transconductance amplifier (OTA) is the key and sensitive 

block, attention must be paid to its layout. It is a fully differential circuit. Therefore, 

symmetry of the layout must be attained. In order to reduce offset, the input pair is 

interdigitized. The same technique applies to the sensitive transistor pairs in order to 

reduce mismatch. The amplifier has its own biasing circuitry to make the wiring simpler 

in the overall layout. 

4.2.2 Capacitor layou't 

The capacitor layout is finished by Anil Tammineedi. 

In O.35pm CMOS process, we do not have the option of standard linear capacitor. As 

shown in Figure 4.6, We implemented the capacitor by metal 2-3-4 sandwitch because of 

its better voltage coefficient. Metall is not used to reduce parastic to substrate. Metal3 

will be the top plate of the capacitor. 

M4 

Figure 4.6 Metal-sandwitch as a capacitor 
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In order to reduce gain error without trimming, we need to minimize the mismatch 

between the capacitors. Figure 4.7 shows the common-centroid capacitor arrays em­

ployed in the design. 

In our design, the value for the feedback capacitor is 1pF. The sampling capacitor is 

composed by O.lpF and 0.9pF. In Figure 4.7, "I" denote the O.lpF, "9" for the 0.9pF 

and "10" for the 1pF. "D" refers to dummy capacitor. The top plates of the capacitors 

are connected with the input nodes of the OTA since the top plate has less parastic 

capacitance. 

10 9 10 9 10 

D 10 9 10 D 

9 9 1 9 9 

D 10 9 10 D 

10 9 10 D 10 

Figure 4.7 Common-centroid capacitor array 

4.2.3 Layout of one stage 

In the floorplan of the whole pipelined ADC, we showed the detailed arrangement of 

one stage. Sw is the switch circuit and CO is the comparator. C1 is the 300fF capacitor in 

common-mode feedback circuit while C2 is the compensation capacitor which is needed 

by the OTA. Symmetry is still the goal of the layout of one cell. The layout of one stage 

is shown in Figure 4.8. and we can see the symmetry is achieved. 

Finally the layout of the whole pipeline is shown in Figure 4.9. 
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Figure 4.8 Layout of one stage 
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Figure 4.9 Layout of whole pipeline 
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4.3 110 Signals And Off-chip Calibration 

For the convenience of testing and off-chip digital calibration, I/O signals for each 

stage are listed in Table 4.2. For each additional stage, one additional digital output is 

needed. 

Table 4.2 I/O signals for each stage 

Power (Vdd, Vss, substrate) 3 
Differential references 2 

Gnd, Cmbias 2 
Analog inputs and outputs (differential) 4 

Digital input and output 2 
Clocks 10 

Calibration mode 1 

Each stage of the pipelined ADC has two mode: normal conversion mode and cal­

ibration mode. MUXs are needed at the inputs of each stage. During calibrationion 

mode, the _ "calibration mode" of the cell will be set to "1", and the MUXs will pass the 

input signals from the pads. During normal conversion mode, the "calibration mode" 

will be "0", and the MUXs will pass the signals from the previous stage. 

The digital self-calibration is performed off-chip for the flexibility of testing the al-

gorithm. At one time during calibration, only one stage is being calibrated, all the rest 

stages are in normal conversion mode to measure the calibration constants SI and S2. 

51 - 52 of each stage will be stored in a 13-bit RAM. 

To finish one calibration cycle for all 14 stages, 7.84us, I.e. 2 x 14 x 14 x 20ns is 

needed. Usually 30 calibration cycles are used to average the noise out. The total time 

needed for the off-line calibration is about 235us. 
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5 CONCLUSION AND FUTURE WORK 

5.1 Conclusion 

This thesis has discussed the architecture and implementation of a 12-bit 50M sam­

ples/s digitally self-calibrated analog-to-digital converter. The contributions of the au­

thor can be listed as following: 

1) Proposed a cell architecture with a transfer characteristics being Vaut = 1.9Vin ± 

0.95v,.eJ' 

2) Designed and implemented the cell. The 0.95v,.eJ was supplied off-chip. A ca­

pacitor array including "O.lC", "0.9C" and "C" is used to improve the matching. The 

simulation results shows the settling time of the MDAC is 9ns with the 81dB DC gain 

of the OTA. 

3) Overall system implementation including system timing, simulation and floorplan­

nmg. 

The propotype ADC has been implemented in 0.35 {lm CMOS process. 

5.2 Power Optinlization 

Power dissipation is becoming an increasingly important issue in the design of analog­

to-digital converters because the popularity of the portable devices. The 12-bit 50Msam­

pls/s pipelined ADC presented in the previous chapters consumes 33 x 14 = 462m IV 

(33m VV is the power for each stage as shown in Table 3.3, comparator power consump-
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tion is negligible compared to MDAC) which may not be good enough for the low power 

application. As a result, reducing the power dissipation is an important direction for 

future work. 

In this pipelined ADC, most of the power dissipation occurs in the operational 

transconductance amplifier. During the hold mode, the possible power saving may not 

be appreciable because the high speed application demands a large bias current for the 

OTA. During the sample mode, however, the OTA is nearly idle except the input nodes 

and the output nodes are all set to the common-mode voltage. We can probably save 

25% of the power consumption if somehow the bias current of the amplifier can be re­

duced by 50% in the sample mode. The challenge is how to apply the current switching 

without affect the overall performance. 

In addition, it is obvious that the performance of the first stage of the pipeline is most 

critical. Not only the multiplying ADC needs to be accurate to the full resolution of the 

converter, the tolerable KT IC noise also needs to be least since the equivalent input­

referred noise contribution from the subsequent stages is attenuated by the interstage 

gain of all previous stages. As a result, the size of the sampling capacitors of the later 

stages can be smaller than the capacitance in the first stage. Because the sampling 

capacitors are the main loads for the OTA, the power dissipation of the OTA can be 

greatly reduced by properly scaling down the capacitance of all the capacitance in the 

pipeline. 

5.3 Speed Optilllization 

Higher speed is required for future application such as wireless communication. 

Shooting for higher speed, interleaving techniques [Black80] may be applied. 

The parallel pipelined ADC is one of the interleaving application. However, the 

hardware requierd increases proportionally to the speed. Another interleaving technique 
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which requires less hardware by sharing residue amplifiers and sub-ADC comparators 

between two time interleaving channels was proposed [Bright98]. It can be another 

direction of the future work. 

Besides the two important design pararmeters discussed above, the clock generatiton 

circuits such as DLL may need to be developed for better control of the timing. 
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APPENDIX TRANSISTOR SIZES 

Table A.1 Folded-cascode parameters 

MO, M1 426/0.4 
M3, M4 262.4/0.4 
M5, M6 117.6/0.4 
M7, M8 116.8/0.4 

MlO, M11 400/0.4 
M9 326.4/1 

Table A.2 PMOS-boosting amplifier parameters 

MO, M2 13.6/0.4 
MI, M3 6/0.4 
M4, M5 10.6/0.8 
M6, M7 30/0.4 

M8 15/0.4 

Table A.3 NMOS-boosting amplifier parameters 

MO, M3 19.8/0.4 
M1, M2 10/0.4 
M4, N1.5 10.4/0.8 
M6, M7 30/0.4 

M8 18.2/0.4 
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