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Lecture 8: Digital to Analogue and Analogue to Digital Conversion



1. Logical functions and logic gates

2. Low level logic design

3. Binary number representation

4. Binary arithmetic

5. Integration of digital logic components

6. Memory and sequential circuits

7. Design of sequential logic

8. Data converters: analogue to digital / digital to analogue 

Overview of lectures

Please send feedback, comments and corrections to mark.cannon@eng.ox.ac.uk



Data converters
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Digital-to-analogue converter (DAC) specification

7FS/8
6FS/8
5FS/8
4FS/8
3FS/8
2FS/8
1FS/8

0
000 001 010 011 100 101 110 111

Digital input (3 bits)

DAC is specified by:

1. the number of bits in the input word

2. the full-scale (FS) or maximum output voltage

It usually provides a linear relationship between 
the input binary sequence and the analogue 
voltage output 

DAC

10100101

<latexit sha1_base64="ge6gOumNl1Ghx4tkkazNUW20RPI="></latexit>

Vout
<latexit sha1_base64="ge6gOumNl1Ghx4tkkazNUW20RPI="></latexit>

Vout



DAC architecture

<latexit sha1_base64="lFhzKXCDSAHXY/17Uo8U+Ad1erI="></latexit>

R1

<latexit sha1_base64="ptIXpdVtW5ItCWfH2/yP4ZwAus8="></latexit>

R2
<latexit sha1_base64="6Fo1wV8NrwOrGjszftPLkfybhag="></latexit>

R3

<latexit sha1_base64="XTrOjo6vTFI8hbm5WRGvGQnwttY="></latexit>

Vout

<latexit sha1_base64="GyBV8au6H9q0I/pMYRd5JDSZl2Y="></latexit>

V1

<latexit sha1_base64="rm0F0BhkgBGXR86AXDSeQgTBK58="></latexit>

V2

<latexit sha1_base64="P1NJDTN8OovPpTRN0iqe/9B5q4w="></latexit>

Suppose we have a two-bit input, represented by V1 and V2
<latexit sha1_base64="WewK900Kazv8uXae4WL99Nu67aQ="></latexit>

Set R3 = R2 = 2R1, then

<latexit sha1_base64="94OAQNIuDwfE3MHQttHB/2Tsw08="></latexit>

Vout = →2V1 → V2

<latexit sha1_base64="SUHN9U1mnLIzJrzyT7X1e0QP3J8="></latexit>

Vout = →R3

( V1

R1
+

V2

R2

)

Terminal voltages

<latexit sha1_base64="JraEKBPpXGu0S2BGxQe+tvUrPV4="></latexit>

V2 V1 Vout

0 0 -0V
0 1 -1V
1 0 -2V
1 1 -3V

<latexit sha1_base64="hgwYtSij415w4Xmc20Bh7fkEj/M="></latexit>

I1

<latexit sha1_base64="OlX5GVNVulX6klGAI9P51/CedVI="></latexit>

I2
<latexit sha1_base64="IHN+adN88bLCFcgBj+UZPZ9JBvo="></latexit>

I3

<latexit sha1_base64="DntjpLMk0fxNbifgkbwSH5Hpu4Y="></latexit>

V = 0



DAC architecture: 4-bit ladder

<latexit sha1_base64="XTrOjo6vTFI8hbm5WRGvGQnwttY="></latexit>

Vout

<latexit sha1_base64="/eef5X7zNS9MFN14hYMgyFLbh+A="></latexit>

VREF

Switches

<latexit sha1_base64="/1hVx4BYBvHrZH/xvdGeMpUJQvE="></latexit>

R

<latexit sha1_base64="uD7Dgr80wPyl0/u6MslP3Gq1o+w="></latexit>

2R

<latexit sha1_base64="6IW62K7o/B9oc1z1tgSqCMiUr+8="></latexit>

4R

<latexit sha1_base64="HtxMp7BdqmFxbT6hZ7IRfApQgOY="></latexit>

8R
<latexit sha1_base64="nHVRaLR2S5xXdlyexG9s7CdqCVs="></latexit>s0

<latexit sha1_base64="gOgS1O5zMpKmDEhesVHwHvFF8/E="></latexit>s1

<latexit sha1_base64="bdRafYVHgCVyD7BPKrBcj5ug7Oo="></latexit>s2

<latexit sha1_base64="mHs17IJ1Fp7z038EwhAlfaIss5Q="></latexit>s3

<latexit sha1_base64="GZSlpk4kExxmegcsI6+qumAGL18="></latexit>

b0

<latexit sha1_base64="WAgobyVW/QTSLe1qx1DzUwlBbNs="></latexit>

b1

<latexit sha1_base64="zdQ52vugtghnG89NP34sDdMJGnc="></latexit>

b2

<latexit sha1_base64="Iw/VsDOiVAnocf+iGuFOgKrxDBw="></latexit>

b3

<latexit sha1_base64="XzmxwGiV+gs4JdlTbq2FJ876vRA="></latexit>

RF

<latexit sha1_base64="zitZjnk/mjebB+ksSi0GCiiw0h4="></latexit>

Input: b3b2b1b0



<latexit sha1_base64="35mnHw+AnTn0S7eRq2i7F2IQOtI="></latexit>

Iin

4-bit DAC operation <latexit sha1_base64="42gl4+7MIFG04dpxExnueq/uRI8="></latexit>

Set R = 2RF :
<latexit sha1_base64="d+PZXXFJ705j9LAIVxWySt+HcnI="></latexit>

b3b2b1b0 Vout/VREF

0000 0

0001 →1/16

0010 →2/16

0011 →3/16

0100 →4/16

0101 →5/16

0110 →6/16

0111 →7/16

1000 →8/16

1001 →9/16

1010 →10/16

1011 →11/16

1100 →12/16

1101 →13/16

1110 →14/16

1111 →15/16

<latexit sha1_base64="XTrOjo6vTFI8hbm5WRGvGQnwttY="></latexit>

Vout

<latexit sha1_base64="/eef5X7zNS9MFN14hYMgyFLbh+A="></latexit>

VREF

<latexit sha1_base64="/1hVx4BYBvHrZH/xvdGeMpUJQvE="></latexit>

R

<latexit sha1_base64="uD7Dgr80wPyl0/u6MslP3Gq1o+w="></latexit>

2R

<latexit sha1_base64="6IW62K7o/B9oc1z1tgSqCMiUr+8="></latexit>

4R

<latexit sha1_base64="HtxMp7BdqmFxbT6hZ7IRfApQgOY="></latexit>

8R
<latexit sha1_base64="nHVRaLR2S5xXdlyexG9s7CdqCVs="></latexit>s0

<latexit sha1_base64="gOgS1O5zMpKmDEhesVHwHvFF8/E="></latexit>s1

<latexit sha1_base64="bdRafYVHgCVyD7BPKrBcj5ug7Oo="></latexit>s2

<latexit sha1_base64="mHs17IJ1Fp7z038EwhAlfaIss5Q="></latexit>s3

<latexit sha1_base64="GZSlpk4kExxmegcsI6+qumAGL18="></latexit>

b0

<latexit sha1_base64="WAgobyVW/QTSLe1qx1DzUwlBbNs="></latexit>

b1

<latexit sha1_base64="zdQ52vugtghnG89NP34sDdMJGnc="></latexit>

b2

<latexit sha1_base64="Iw/VsDOiVAnocf+iGuFOgKrxDBw="></latexit>

b3

<latexit sha1_base64="XzmxwGiV+gs4JdlTbq2FJ876vRA="></latexit>

RF

<latexit sha1_base64="Lk6e4dp77mNoRIs4TO1UPgK3BSs="></latexit>

Current into the feedback loop:
<latexit sha1_base64="+18suOoWQA5ESTemfITPC+s20IA="></latexit>

Iin = VREF

(b3
R

+
b2
2R

+
b1
4R

+
b0
8R

)

<latexit sha1_base64="G73fx7nVSt/XT4LR6JbUZ/LgkWQ="></latexit>

Vout = →RF

R
VREF

(
b3 +

b2
2

+
b1
4

+
b0
8

)

<latexit sha1_base64="r1vHuarbiVmaPgdeMJHdfaXi7VU="></latexit>

Voltage at output:



<latexit sha1_base64="e0NWY/XqKuqh4j1Ri13PyzXTmaY="></latexit>↭ Needs an accurate constant reference voltage VREF

→ must be low-noise to get low-noise output

<latexit sha1_base64="/ChqMvVSHUZGIauR+6f6dDuaFDE="></latexit>↭ Resistor values must be accurate to get correct scaling

→ e.g. with 12 bits, MSB = 211 = 2048 so maxR/minR = 2048,

which is a big range to achieve accurately on an integrated circuit

4-bit DAC limitations
<latexit sha1_base64="XTrOjo6vTFI8hbm5WRGvGQnwttY="></latexit>

Vout

<latexit sha1_base64="/eef5X7zNS9MFN14hYMgyFLbh+A="></latexit>

VREF

<latexit sha1_base64="/1hVx4BYBvHrZH/xvdGeMpUJQvE="></latexit>

R

<latexit sha1_base64="uD7Dgr80wPyl0/u6MslP3Gq1o+w="></latexit>

2R

<latexit sha1_base64="6IW62K7o/B9oc1z1tgSqCMiUr+8="></latexit>

4R

<latexit sha1_base64="HtxMp7BdqmFxbT6hZ7IRfApQgOY="></latexit>

8R
<latexit sha1_base64="nHVRaLR2S5xXdlyexG9s7CdqCVs="></latexit>s0

<latexit sha1_base64="gOgS1O5zMpKmDEhesVHwHvFF8/E="></latexit>s1

<latexit sha1_base64="bdRafYVHgCVyD7BPKrBcj5ug7Oo="></latexit>s2

<latexit sha1_base64="mHs17IJ1Fp7z038EwhAlfaIss5Q="></latexit>s3

<latexit sha1_base64="GZSlpk4kExxmegcsI6+qumAGL18="></latexit>

b0

<latexit sha1_base64="WAgobyVW/QTSLe1qx1DzUwlBbNs="></latexit>

b1

<latexit sha1_base64="zdQ52vugtghnG89NP34sDdMJGnc="></latexit>

b2

<latexit sha1_base64="Iw/VsDOiVAnocf+iGuFOgKrxDBw="></latexit>

b3

<latexit sha1_base64="XzmxwGiV+gs4JdlTbq2FJ876vRA="></latexit>

RF

<latexit sha1_base64="wlP9e1F29limOqHS8ExIO2EmOuo="></latexit>↭ Variable current is drawn from the source

→ must have zero or near-zero output resistance



Improved ladder circuit: the R-2R ladder

<latexit sha1_base64="lWmxt7c/9G2nrhGk9P61BQLtJjg="></latexit>

Binary input b3b2b1b0

<latexit sha1_base64="RpJANu3CA2M4nnFUI/YC1bGH9cU="></latexit>

2R

<latexit sha1_base64="W6ODttSr8+U7bQX/41yuJ7olUzM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgKGFXfB0DXjwmYB6QhDA76U3GzM4uM7NCWPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqju6nffEKleSQfzDjGbkgHkgecUWOl2lmvWHLL7gxkmXgZKUGGaq/41elHLAlRGiao1m3PjU03pcpwJnBS6CQaY8pGdIBtSyUNUXfT2aETcmKVPgkiZUsaMlN/T6Q01Hoc+rYzpGaoF72p+J/XTkxw2025jBODks0XBYkgJiLTr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfHmZNC7K3nX5qnZZqpxnceThCI7hFDy4gQrcQxXqwADhGV7hzXl0Xpx352PemnOymUP4A+fzB24njKM=</latexit>

+

<latexit sha1_base64="GKKXMDYF+fCJskQladr9qp6gMbM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcOu+DoGvHhMwDwgCWF20puMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7/FhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGplk81Ci6xbrgR2IoV0tAX2PRHd1O/+YRK80g+mHGM3ZAOJA84o8ZKtfNeseSW3RnIMvEyUoIM1V7xq9OPWBKiNExQrdueG5tuSpXhTOCk0Ek0xpSN6ADblkoaou6ms0Mn5MQqfRJEypY0ZKb+nkhpqPU49G1nSM1QL3pT8T+vnZjgtptyGScGJZsvChJBTESmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3+PIyaVyUvevyVe2yVDnL4sjDERzDKXhwAxW4hyrUgQHCM7zCm/PovDjvzse8NedkM4fwB87nD3EvjKU=</latexit>→

<latexit sha1_base64="cs5anrG3fnJCnBNHlj4Fea0wals="></latexit>

R

<latexit sha1_base64="RpJANu3CA2M4nnFUI/YC1bGH9cU="></latexit>

2R
<latexit sha1_base64="RpJANu3CA2M4nnFUI/YC1bGH9cU="></latexit>

2R
<latexit sha1_base64="RpJANu3CA2M4nnFUI/YC1bGH9cU="></latexit>

2R
<latexit sha1_base64="RpJANu3CA2M4nnFUI/YC1bGH9cU="></latexit>

2R

<latexit sha1_base64="yf0s3dr76C1oyUvIRlCxYOuVlwc="></latexit>

R
<latexit sha1_base64="yf0s3dr76C1oyUvIRlCxYOuVlwc="></latexit>

R
<latexit sha1_base64="yf0s3dr76C1oyUvIRlCxYOuVlwc="></latexit>

R

<latexit sha1_base64="UnvJZtky52PACBsFN8K0p7FEb5o="></latexit>

I3
<latexit sha1_base64="g2YWTzd20nmqILNfoqvBd1yko98="></latexit>

I2
<latexit sha1_base64="Py4xkn0YzpkyhOmfyXzDW3ELRKM="></latexit>

I1
<latexit sha1_base64="6ri8y7G4NM34Cffz9fGkkdnFLSk="></latexit>

S3

<latexit sha1_base64="Wdsf9tQ1UMojHfGXF63v5XzKxkM="></latexit>

S2
<latexit sha1_base64="ICpDZnpnWeHAo+OI3jw0PwN6mgU="></latexit>

S1
<latexit sha1_base64="V8wR7tGQsCQr953v+/8t3iqF2hQ="></latexit>

S0

<latexit sha1_base64="oW0sqc1gUHP2jfNOlNc04BhtzRE="></latexit>

I0

<latexit sha1_base64="lSobJXO/TEdcDFQnfN+JcjJZGaw="></latexit>

b0
<latexit sha1_base64="ZaoeyrzE9Fwx+/63N0m9RQS4erg="></latexit>

b1
<latexit sha1_base64="Q04cMZzLNvDYf6OWYzQHGTo1IZI="></latexit>

b2
<latexit sha1_base64="zVoczGlX67rlLozjgdolpLnb3ss="></latexit>

b3

<latexit sha1_base64="8/kepSxulWjxuJ9XinudrUyB4Ws="></latexit>

VREF
<latexit sha1_base64="7YwxtyLmr26+Hzi+ZGjHtUioOl4="></latexit>

Vout



<latexit sha1_base64="RpJANu3CA2M4nnFUI/YC1bGH9cU="></latexit>

2R

<latexit sha1_base64="W6ODttSr8+U7bQX/41yuJ7olUzM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgKGFXfB0DXjwmYB6QhDA76U3GzM4uM7NCWPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqju6nffEKleSQfzDjGbkgHkgecUWOl2lmvWHLL7gxkmXgZKUGGaq/41elHLAlRGiao1m3PjU03pcpwJnBS6CQaY8pGdIBtSyUNUXfT2aETcmKVPgkiZUsaMlN/T6Q01Hoc+rYzpGaoF72p+J/XTkxw2025jBODks0XBYkgJiLTr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfHmZNC7K3nX5qnZZqpxnceThCI7hFDy4gQrcQxXqwADhGV7hzXl0Xpx352PemnOymUP4A+fzB24njKM=</latexit>

+

<latexit sha1_base64="GKKXMDYF+fCJskQladr9qp6gMbM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcOu+DoGvHhMwDwgCWF20puMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7/FhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGplk81Ci6xbrgR2IoV0tAX2PRHd1O/+YRK80g+mHGM3ZAOJA84o8ZKtfNeseSW3RnIMvEyUoIM1V7xq9OPWBKiNExQrdueG5tuSpXhTOCk0Ek0xpSN6ADblkoaou6ms0Mn5MQqfRJEypY0ZKb+nkhpqPU49G1nSM1QL3pT8T+vnZjgtptyGScGJZsvChJBTESmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3+PIyaVyUvevyVe2yVDnL4sjDERzDKXhwAxW4hyrUgQHCM7zCm/PovDjvzse8NedkM4fwB87nD3EvjKU=</latexit>→

<latexit sha1_base64="cs5anrG3fnJCnBNHlj4Fea0wals="></latexit>

R

<latexit sha1_base64="RpJANu3CA2M4nnFUI/YC1bGH9cU="></latexit>

2R
<latexit sha1_base64="RpJANu3CA2M4nnFUI/YC1bGH9cU="></latexit>

2R
<latexit sha1_base64="RpJANu3CA2M4nnFUI/YC1bGH9cU="></latexit>

2R
<latexit sha1_base64="RpJANu3CA2M4nnFUI/YC1bGH9cU="></latexit>

2R

<latexit sha1_base64="yf0s3dr76C1oyUvIRlCxYOuVlwc="></latexit>

R
<latexit sha1_base64="yf0s3dr76C1oyUvIRlCxYOuVlwc="></latexit>

R
<latexit sha1_base64="yf0s3dr76C1oyUvIRlCxYOuVlwc="></latexit>

R

<latexit sha1_base64="UnvJZtky52PACBsFN8K0p7FEb5o="></latexit>

I3
<latexit sha1_base64="g2YWTzd20nmqILNfoqvBd1yko98="></latexit>

I2
<latexit sha1_base64="Py4xkn0YzpkyhOmfyXzDW3ELRKM="></latexit>

I1
<latexit sha1_base64="6ri8y7G4NM34Cffz9fGkkdnFLSk="></latexit>

S3

<latexit sha1_base64="Wdsf9tQ1UMojHfGXF63v5XzKxkM="></latexit>

S2
<latexit sha1_base64="ICpDZnpnWeHAo+OI3jw0PwN6mgU="></latexit>

S1
<latexit sha1_base64="V8wR7tGQsCQr953v+/8t3iqF2hQ="></latexit>

S0

<latexit sha1_base64="oW0sqc1gUHP2jfNOlNc04BhtzRE="></latexit>

I0

<latexit sha1_base64="lSobJXO/TEdcDFQnfN+JcjJZGaw="></latexit>

b0
<latexit sha1_base64="ZaoeyrzE9Fwx+/63N0m9RQS4erg="></latexit>

b1
<latexit sha1_base64="Q04cMZzLNvDYf6OWYzQHGTo1IZI="></latexit>

b2
<latexit sha1_base64="zVoczGlX67rlLozjgdolpLnb3ss="></latexit>

b3

<latexit sha1_base64="8/kepSxulWjxuJ9XinudrUyB4Ws="></latexit>

VREF
<latexit sha1_base64="7YwxtyLmr26+Hzi+ZGjHtUioOl4="></latexit>

Vout

R-2R ladder analysis

<latexit sha1_base64="RpJANu3CA2M4nnFUI/YC1bGH9cU="></latexit>

2R
<latexit sha1_base64="RpJANu3CA2M4nnFUI/YC1bGH9cU="></latexit>

2R

<latexit sha1_base64="yf0s3dr76C1oyUvIRlCxYOuVlwc="></latexit>

R

Start at right-hand of ladder and work left
<latexit sha1_base64="HaXHDiUx7dtnyt8J3fLu/cFXXmE="></latexit>

I3 = 2I2 = 4I1 = 8I0

Each switch Si is connected either to earth or to the virtual earth of the op-amp

<latexit sha1_base64="nlwPQ7k9KlWaHX/UglpUmlS6Ygg="></latexit>

I0

<latexit sha1_base64="RpJANu3CA2M4nnFUI/YC1bGH9cU="></latexit>

2R
<latexit sha1_base64="RpJANu3CA2M4nnFUI/YC1bGH9cU="></latexit>

2R
<latexit sha1_base64="RpJANu3CA2M4nnFUI/YC1bGH9cU="></latexit>

2R

<latexit sha1_base64="yf0s3dr76C1oyUvIRlCxYOuVlwc="></latexit>

R
<latexit sha1_base64="yf0s3dr76C1oyUvIRlCxYOuVlwc="></latexit>

R

<latexit sha1_base64="Py4xkn0YzpkyhOmfyXzDW3ELRKM="></latexit>

I1
<latexit sha1_base64="oW0sqc1gUHP2jfNOlNc04BhtzRE="></latexit>

I0

<latexit sha1_base64="RpJANu3CA2M4nnFUI/YC1bGH9cU="></latexit>

2R
<latexit sha1_base64="RpJANu3CA2M4nnFUI/YC1bGH9cU="></latexit>

2R

<latexit sha1_base64="yf0s3dr76C1oyUvIRlCxYOuVlwc="></latexit>

R

<latexit sha1_base64="UnvJZtky52PACBsFN8K0p7FEb5o="></latexit>

I3
<latexit sha1_base64="g2YWTzd20nmqILNfoqvBd1yko98="></latexit>

I2

<latexit sha1_base64="Uxulc+l52IC0EMJwua8z+NxLmCk="></latexit>

I1
<latexit sha1_base64="R5kXfhWYX/n4P41a5+c7BF2fKj4="></latexit>

I2
<latexit sha1_base64="45+IgU3IlkWrVV035cjN541T8Uk="></latexit>

I3

<latexit sha1_base64="TuWtzEKrxPquyaT5za8BPBin8Vo="></latexit>→

<latexit sha1_base64="KRTltANweu1kSFsG4VWKEFOWsjQ="></latexit>

I1 = 2I0

I2 = 2I1

I3 = 2I2

<latexit sha1_base64="tXU44Ri9Mz3dR943RduxtK/jSJk="></latexit>→
<latexit sha1_base64="PGNQhlTRedpjAVk7jj3ZbEDiW2o="></latexit>

equivalent
to

<latexit sha1_base64="N/N+lNPKyaFEf5k5yWE7DImLvoU="></latexit>

R+ (2R → 2R) = 2R



R-2R ladder analysis
<latexit sha1_base64="tu+CrqwX2j7uzFlLItHIhmgr8Z8="></latexit>

V3
<latexit sha1_base64="qQLDFPInkqz3Ar/+WonfsiOF9gE="></latexit>

V2
<latexit sha1_base64="J/pxKdJTbZEA9pJ5i1JOan4Q5Js="></latexit>

V1
<latexit sha1_base64="o0mGcho001ME8EK/UbBeH2z4ydI="></latexit>

V0

<latexit sha1_base64="6Zb8xF97iDTnzrrFWwlnXz0OFko="></latexit>

8I0
<latexit sha1_base64="ihR08AC2nUZ8EkYK8XcGQM409Fc="></latexit>

4I0

<latexit sha1_base64="RpJANu3CA2M4nnFUI/YC1bGH9cU="></latexit>

2R

<latexit sha1_base64="W6ODttSr8+U7bQX/41yuJ7olUzM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgKGFXfB0DXjwmYB6QhDA76U3GzM4uM7NCWPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqju6nffEKleSQfzDjGbkgHkgecUWOl2lmvWHLL7gxkmXgZKUGGaq/41elHLAlRGiao1m3PjU03pcpwJnBS6CQaY8pGdIBtSyUNUXfT2aETcmKVPgkiZUsaMlN/T6Q01Hoc+rYzpGaoF72p+J/XTkxw2025jBODks0XBYkgJiLTr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfHmZNC7K3nX5qnZZqpxnceThCI7hFDy4gQrcQxXqwADhGV7hzXl0Xpx352PemnOymUP4A+fzB24njKM=</latexit>

+

<latexit sha1_base64="GKKXMDYF+fCJskQladr9qp6gMbM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcOu+DoGvHhMwDwgCWF20puMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7/FhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGplk81Ci6xbrgR2IoV0tAX2PRHd1O/+YRK80g+mHGM3ZAOJA84o8ZKtfNeseSW3RnIMvEyUoIM1V7xq9OPWBKiNExQrdueG5tuSpXhTOCk0Ek0xpSN6ADblkoaou6ms0Mn5MQqfRJEypY0ZKb+nkhpqPU49G1nSM1QL3pT8T+vnZjgtptyGScGJZsvChJBTESmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3+PIyaVyUvevyVe2yVDnL4sjDERzDKXhwAxW4hyrUgQHCM7zCm/PovDjvzse8NedkM4fwB87nD3EvjKU=</latexit>→

<latexit sha1_base64="cs5anrG3fnJCnBNHlj4Fea0wals="></latexit>

R

<latexit sha1_base64="RpJANu3CA2M4nnFUI/YC1bGH9cU="></latexit>

2R
<latexit sha1_base64="RpJANu3CA2M4nnFUI/YC1bGH9cU="></latexit>

2R
<latexit sha1_base64="RpJANu3CA2M4nnFUI/YC1bGH9cU="></latexit>

2R
<latexit sha1_base64="RpJANu3CA2M4nnFUI/YC1bGH9cU="></latexit>

2R

<latexit sha1_base64="yf0s3dr76C1oyUvIRlCxYOuVlwc="></latexit>

R
<latexit sha1_base64="yf0s3dr76C1oyUvIRlCxYOuVlwc="></latexit>

R
<latexit sha1_base64="yf0s3dr76C1oyUvIRlCxYOuVlwc="></latexit>

R

<latexit sha1_base64="oW0sqc1gUHP2jfNOlNc04BhtzRE="></latexit>

I0

<latexit sha1_base64="lSobJXO/TEdcDFQnfN+JcjJZGaw="></latexit>

b0
<latexit sha1_base64="ZaoeyrzE9Fwx+/63N0m9RQS4erg="></latexit>

b1
<latexit sha1_base64="Q04cMZzLNvDYf6OWYzQHGTo1IZI="></latexit>

b2
<latexit sha1_base64="zVoczGlX67rlLozjgdolpLnb3ss="></latexit>

b3

<latexit sha1_base64="8/kepSxulWjxuJ9XinudrUyB4Ws="></latexit>

VREF
<latexit sha1_base64="7YwxtyLmr26+Hzi+ZGjHtUioOl4="></latexit>

Vout

<latexit sha1_base64="ZF3ej+nMwi+KbgKEFd4pbpc1fQY="></latexit>

2I0
<latexit sha1_base64="oW0sqc1gUHP2jfNOlNc04BhtzRE="></latexit>

I0

<latexit sha1_base64="hMKqyzhXeCCFtOamwTBe23R/7So="></latexit>

→ I0 = VREF/16R

<latexit sha1_base64="2JUrQl1be6qzESgPWh4Hw4SEAQo="></latexit>

V1 = 4I0R, V2 = 8I0R, V3 = 16I0R = VREF <latexit sha1_base64="TEqrpwyLkpTjqBo9k6iZXM5Gu8s="></latexit>

→ Vout = ↑VREF

16
(8b3 + 4b2 + 2b1 + b0)

<latexit sha1_base64="13yi9zL0BsllFV6xE9R/UAVUgRo="></latexit>

Vout = →I0R(8b3 + 4b2 + 2b1 + b0)

<latexit sha1_base64="MD0WVONDSCLoXj7fFHG/zM/SxKc="></latexit>

Vout

<latexit sha1_base64="cNtOHlVzW0SGyl5FX+7QGFWBPQ0="></latexit>

V0 = 2I0R

<latexit sha1_base64="KlE9QCIoCUP1wEdq0P9QN7p8aho="></latexit>

8I0b3 + 4I0b2 + 2I0b1 + I0b0



<latexit sha1_base64="AzO/zMQDWBKQAFJJf7pwwRQBU2U="></latexit>

Example: b3b2b1b0 = 1010

R-2R ladder analysis

<latexit sha1_base64="6Zb8xF97iDTnzrrFWwlnXz0OFko="></latexit>

8I0
<latexit sha1_base64="ihR08AC2nUZ8EkYK8XcGQM409Fc="></latexit>

4I0

<latexit sha1_base64="RpJANu3CA2M4nnFUI/YC1bGH9cU="></latexit>

2R

<latexit sha1_base64="W6ODttSr8+U7bQX/41yuJ7olUzM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgKGFXfB0DXjwmYB6QhDA76U3GzM4uM7NCWPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqju6nffEKleSQfzDjGbkgHkgecUWOl2lmvWHLL7gxkmXgZKUGGaq/41elHLAlRGiao1m3PjU03pcpwJnBS6CQaY8pGdIBtSyUNUXfT2aETcmKVPgkiZUsaMlN/T6Q01Hoc+rYzpGaoF72p+J/XTkxw2025jBODks0XBYkgJiLTr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfHmZNC7K3nX5qnZZqpxnceThCI7hFDy4gQrcQxXqwADhGV7hzXl0Xpx352PemnOymUP4A+fzB24njKM=</latexit>

+

<latexit sha1_base64="GKKXMDYF+fCJskQladr9qp6gMbM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcOu+DoGvHhMwDwgCWF20puMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7/FhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGplk81Ci6xbrgR2IoV0tAX2PRHd1O/+YRK80g+mHGM3ZAOJA84o8ZKtfNeseSW3RnIMvEyUoIM1V7xq9OPWBKiNExQrdueG5tuSpXhTOCk0Ek0xpSN6ADblkoaou6ms0Mn5MQqfRJEypY0ZKb+nkhpqPU49G1nSM1QL3pT8T+vnZjgtptyGScGJZsvChJBTESmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3+PIyaVyUvevyVe2yVDnL4sjDERzDKXhwAxW4hyrUgQHCM7zCm/PovDjvzse8NedkM4fwB87nD3EvjKU=</latexit>→

<latexit sha1_base64="cs5anrG3fnJCnBNHlj4Fea0wals="></latexit>

R

<latexit sha1_base64="RpJANu3CA2M4nnFUI/YC1bGH9cU="></latexit>

2R
<latexit sha1_base64="RpJANu3CA2M4nnFUI/YC1bGH9cU="></latexit>

2R
<latexit sha1_base64="RpJANu3CA2M4nnFUI/YC1bGH9cU="></latexit>

2R
<latexit sha1_base64="RpJANu3CA2M4nnFUI/YC1bGH9cU="></latexit>

2R

<latexit sha1_base64="yf0s3dr76C1oyUvIRlCxYOuVlwc="></latexit>

R
<latexit sha1_base64="yf0s3dr76C1oyUvIRlCxYOuVlwc="></latexit>

R
<latexit sha1_base64="yf0s3dr76C1oyUvIRlCxYOuVlwc="></latexit>

R

<latexit sha1_base64="oW0sqc1gUHP2jfNOlNc04BhtzRE="></latexit>

I0

<latexit sha1_base64="lSobJXO/TEdcDFQnfN+JcjJZGaw="></latexit>

b0
<latexit sha1_base64="ZaoeyrzE9Fwx+/63N0m9RQS4erg="></latexit>

b1
<latexit sha1_base64="Q04cMZzLNvDYf6OWYzQHGTo1IZI="></latexit>

b2
<latexit sha1_base64="zVoczGlX67rlLozjgdolpLnb3ss="></latexit>

b3

<latexit sha1_base64="8/kepSxulWjxuJ9XinudrUyB4Ws="></latexit>

VREF
<latexit sha1_base64="7YwxtyLmr26+Hzi+ZGjHtUioOl4="></latexit>

Vout

<latexit sha1_base64="ZF3ej+nMwi+KbgKEFd4pbpc1fQY="></latexit>

2I0
<latexit sha1_base64="oW0sqc1gUHP2jfNOlNc04BhtzRE="></latexit>

I0

<latexit sha1_base64="lVWWy0BRusNwdsYcef1LbXfhhlQ="></latexit>

If

<latexit sha1_base64="bAx2pTi3M4/hgww4kOuw3Sy4+2c="></latexit>

→
If = 8I0 + 2I0 = 10I0

Vout = ↑10

16
VREF



Multiplying DAC (MDAC)

<latexit sha1_base64="9TtDLkUwq8Usgen7veoeb6ZFl/Q="></latexit>

VR2

<latexit sha1_base64="RpJANu3CA2M4nnFUI/YC1bGH9cU="></latexit>

2R

<latexit sha1_base64="W6ODttSr8+U7bQX/41yuJ7olUzM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgKGFXfB0DXjwmYB6QhDA76U3GzM4uM7NCWPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqju6nffEKleSQfzDjGbkgHkgecUWOl2lmvWHLL7gxkmXgZKUGGaq/41elHLAlRGiao1m3PjU03pcpwJnBS6CQaY8pGdIBtSyUNUXfT2aETcmKVPgkiZUsaMlN/T6Q01Hoc+rYzpGaoF72p+J/XTkxw2025jBODks0XBYkgJiLTr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfHmZNC7K3nX5qnZZqpxnceThCI7hFDy4gQrcQxXqwADhGV7hzXl0Xpx352PemnOymUP4A+fzB24njKM=</latexit>

+

<latexit sha1_base64="GKKXMDYF+fCJskQladr9qp6gMbM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcOu+DoGvHhMwDwgCWF20puMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7/FhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGplk81Ci6xbrgR2IoV0tAX2PRHd1O/+YRK80g+mHGM3ZAOJA84o8ZKtfNeseSW3RnIMvEyUoIM1V7xq9OPWBKiNExQrdueG5tuSpXhTOCk0Ek0xpSN6ADblkoaou6ms0Mn5MQqfRJEypY0ZKb+nkhpqPU49G1nSM1QL3pT8T+vnZjgtptyGScGJZsvChJBTESmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3+PIyaVyUvevyVe2yVDnL4sjDERzDKXhwAxW4hyrUgQHCM7zCm/PovDjvzse8NedkM4fwB87nD3EvjKU=</latexit>→

<latexit sha1_base64="cs5anrG3fnJCnBNHlj4Fea0wals="></latexit>

R

<latexit sha1_base64="RpJANu3CA2M4nnFUI/YC1bGH9cU="></latexit>

2R
<latexit sha1_base64="RpJANu3CA2M4nnFUI/YC1bGH9cU="></latexit>

2R
<latexit sha1_base64="RpJANu3CA2M4nnFUI/YC1bGH9cU="></latexit>

2R
<latexit sha1_base64="RpJANu3CA2M4nnFUI/YC1bGH9cU="></latexit>

2R

<latexit sha1_base64="yf0s3dr76C1oyUvIRlCxYOuVlwc="></latexit>

R
<latexit sha1_base64="yf0s3dr76C1oyUvIRlCxYOuVlwc="></latexit>

R
<latexit sha1_base64="yf0s3dr76C1oyUvIRlCxYOuVlwc="></latexit>

R

<latexit sha1_base64="8/kepSxulWjxuJ9XinudrUyB4Ws="></latexit>

VREF

<latexit sha1_base64="7YwxtyLmr26+Hzi+ZGjHtUioOl4="></latexit>

Vout

DAC 1 
1

<latexit sha1_base64="vPylYxFR2QtsRu5ZqEEey1aF7J8="></latexit>

b7b6b5b4

<latexit sha1_base64="eDxzgUbh9S4tYmtzcwm2M/nPG7w="></latexit>

VR2 = →VREF

16
(8b7 + 4b6 + 2b5 + b4)

<latexit sha1_base64="45l39puJ24Vph2F69jNhSE9eG+U="></latexit>

Vout = →VR2

16
(8b3 + 4b2 + 2b1 + b0)

<latexit sha1_base64="gqwRjSn3YkTwuilOUu1+HF4Jqks="></latexit>→
<latexit sha1_base64="5ajTUqWKxFBL0NdqW4hZbGyii6o="></latexit>

Vout =
VREF

256
(8b7 + 4b6 + 2b5 + b4)(8b3 + 4b2 + 2b1 + b0)

Output voltage proportional to the product of 
the numbers represented by the two binary inputs

<latexit sha1_base64="0fQgZqJ5AmxrN3GC0LZv+3aE7KE="></latexit>

b3b2b1b0



DAC as a variable gain amplifier

<latexit sha1_base64="9TtDLkUwq8Usgen7veoeb6ZFl/Q="></latexit>

VR2

<latexit sha1_base64="RpJANu3CA2M4nnFUI/YC1bGH9cU="></latexit>

2R

<latexit sha1_base64="W6ODttSr8+U7bQX/41yuJ7olUzM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgKGFXfB0DXjwmYB6QhDA76U3GzM4uM7NCWPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqju6nffEKleSQfzDjGbkgHkgecUWOl2lmvWHLL7gxkmXgZKUGGaq/41elHLAlRGiao1m3PjU03pcpwJnBS6CQaY8pGdIBtSyUNUXfT2aETcmKVPgkiZUsaMlN/T6Q01Hoc+rYzpGaoF72p+J/XTkxw2025jBODks0XBYkgJiLTr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfHmZNC7K3nX5qnZZqpxnceThCI7hFDy4gQrcQxXqwADhGV7hzXl0Xpx352PemnOymUP4A+fzB24njKM=</latexit>

+

<latexit sha1_base64="GKKXMDYF+fCJskQladr9qp6gMbM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcOu+DoGvHhMwDwgCWF20puMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7/FhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGplk81Ci6xbrgR2IoV0tAX2PRHd1O/+YRK80g+mHGM3ZAOJA84o8ZKtfNeseSW3RnIMvEyUoIM1V7xq9OPWBKiNExQrdueG5tuSpXhTOCk0Ek0xpSN6ADblkoaou6ms0Mn5MQqfRJEypY0ZKb+nkhpqPU49G1nSM1QL3pT8T+vnZjgtptyGScGJZsvChJBTESmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3+PIyaVyUvevyVe2yVDnL4sjDERzDKXhwAxW4hyrUgQHCM7zCm/PovDjvzse8NedkM4fwB87nD3EvjKU=</latexit>→

<latexit sha1_base64="RpJANu3CA2M4nnFUI/YC1bGH9cU="></latexit>

2R
<latexit sha1_base64="RpJANu3CA2M4nnFUI/YC1bGH9cU="></latexit>

2R
<latexit sha1_base64="RpJANu3CA2M4nnFUI/YC1bGH9cU="></latexit>

2R
<latexit sha1_base64="RpJANu3CA2M4nnFUI/YC1bGH9cU="></latexit>

2R

<latexit sha1_base64="yf0s3dr76C1oyUvIRlCxYOuVlwc="></latexit>

R
<latexit sha1_base64="yf0s3dr76C1oyUvIRlCxYOuVlwc="></latexit>

R
<latexit sha1_base64="yf0s3dr76C1oyUvIRlCxYOuVlwc="></latexit>

R

<latexit sha1_base64="7YwxtyLmr26+Hzi+ZGjHtUioOl4="></latexit>

Vout

<latexit sha1_base64="FXybHuZXPZaQItm2Wsf5CqQhNKU="></latexit>

20R

Switches select
16 levels of gain

Signal to be
amplified:

<latexit sha1_base64="sLUB4e13ab2aHwKEajkT8v0nmV8="></latexit>

Vin

<latexit sha1_base64="pu8M3o4DXV9JmEeTUZ94TgiPkIw="></latexit>

Vout = →20

16
(8b3 + 4b2 + 2b1 + b0)Vin



Analogue-to-digital converter (ADC)

Generates a binary number with value proportional (within rounding error) to 
applied input voltage

D
ig

ita
l o

ut
pu

t

111
110
101
100
011
010
001
000

Voltage input/ 
Full scale

ADC

111  101
V

t

<latexit sha1_base64="5ZwzvyxB+qyE9WeFOS/RGX5ewmA="></latexit>

1

8

<latexit sha1_base64="Y3ArxnGnapoJDYFxHgAQR9tF2CU="></latexit>

7

8

<latexit sha1_base64="w6ULrTP5fzpPSaEbY6IE4jMNeIg="></latexit>

6

8

<latexit sha1_base64="wxMHoTQB5LpTKqYBZyrEhWcvIts="></latexit>

4

8

<latexit sha1_base64="K2NP2Qgmh9E+TUluYKd1XIKoDrk="></latexit>

2

8

<latexit sha1_base64="I49Inehv0Nm0AHuePjmVLv5A6e0="></latexit>

0
<latexit sha1_base64="GEEGS3TpN50JdRYMdoHFJ655LPk="></latexit>

3

8

<latexit sha1_base64="DVi9ps3Gf9hCsLQ19n33UzsBlqE="></latexit>

5

8

<latexit sha1_base64="a+E8+E0LcqC/VlWa4GZjKhUB/5c="></latexit>

ω Output is quantised

ω Rounding error up to ± 1
2 LSB

ω Best performance if max input → full scale



ADC Limitations
<latexit sha1_base64="J2fnDV5MaUWPyfbQhfq7cDfKN0A="></latexit>

↭ Output voltage VLSB corresponding to LSB depends on number of bits: VLSB =
VFS

2n

e.g. if full-scale VFS = 1V and n = 12 bits, then VLSB =
1

4096
= 0.244mV

↭ Using more bits reduces quantisation error= ± 1
2VLSB but requires more time to do a conversion

<latexit sha1_base64="x2koR+9v+WBF2do4ID9+/Wj8WyY="></latexit>↭ To maximize range of input signal, we usually need to amplify the signal before input to ADC

↭ To avoid aliasing, we usually need to low-pass filter the signal before input to ADC



Types of ADC

<latexit sha1_base64="w6P0iHalTuAnv4R/cLK00sDUB2A="></latexit>

↭ Parallel (flash) converters

ω Fast conversion

ω Expensive for large n

↭ Successive-approximation converters

ω Slower, simpler, and cheaper



Parallel (flash) ADC: comparator

<latexit sha1_base64="W6ODttSr8+U7bQX/41yuJ7olUzM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgKGFXfB0DXjwmYB6QhDA76U3GzM4uM7NCWPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqju6nffEKleSQfzDjGbkgHkgecUWOl2lmvWHLL7gxkmXgZKUGGaq/41elHLAlRGiao1m3PjU03pcpwJnBS6CQaY8pGdIBtSyUNUXfT2aETcmKVPgkiZUsaMlN/T6Q01Hoc+rYzpGaoF72p+J/XTkxw2025jBODks0XBYkgJiLTr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfHmZNC7K3nX5qnZZqpxnceThCI7hFDy4gQrcQxXqwADhGV7hzXl0Xpx352PemnOymUP4A+fzB24njKM=</latexit>

+

<latexit sha1_base64="GKKXMDYF+fCJskQladr9qp6gMbM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcOu+DoGvHhMwDwgCWF20puMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7/FhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGplk81Ci6xbrgR2IoV0tAX2PRHd1O/+YRK80g+mHGM3ZAOJA84o8ZKtfNeseSW3RnIMvEyUoIM1V7xq9OPWBKiNExQrdueG5tuSpXhTOCk0Ek0xpSN6ADblkoaou6ms0Mn5MQqfRJEypY0ZKb+nkhpqPU49G1nSM1QL3pT8T+vnZjgtptyGScGJZsvChJBTESmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3+PIyaVyUvevyVe2yVDnL4sjDERzDKXhwAxW4hyrUgQHCM7zCm/PovDjvzse8NedkM4fwB87nD3EvjKU=</latexit>→

<latexit sha1_base64="+Ep6gf82lUUG3t1T8FgHhlaj+YE="></latexit>

+Vs

<latexit sha1_base64="wA9ZMN8l75VkBeQF9HN4NmiJlb4="></latexit>

→Vs

<latexit sha1_base64="Fj72yODJFh/TIwwKezfCcs2G3p4="></latexit>

V1
<latexit sha1_base64="put1kc2Rx543R0fBQTYLzwv10d8="></latexit>

V2

<latexit sha1_base64="0OrWflPpwMpKP21sBnmTtsXBJF8="></latexit>

Vout

<latexit sha1_base64="Fj72yODJFh/TIwwKezfCcs2G3p4="></latexit>

V1
<latexit sha1_base64="put1kc2Rx543R0fBQTYLzwv10d8="></latexit>

V2

<latexit sha1_base64="0OrWflPpwMpKP21sBnmTtsXBJF8="></latexit>

VoutC

Simplified 
comparator symbol

<latexit sha1_base64="cyu7BFuvUc8eKmav/QskolMgJxg="></latexit>

If |V2 → V1| is small enough, then

Vout = AOL(V+ → V→) = AOL(V2 → V1)

But the op amp has no feedback, so AOL ↑ 1,
and in practice we get:

Vout =

{
+Vs if V2 > V1

→Vs otherwise



… 00, 11, 01 ...  

Parallel (flash) ADC

<latexit sha1_base64="yf0s3dr76C1oyUvIRlCxYOuVlwc="></latexit>

R

<latexit sha1_base64="yf0s3dr76C1oyUvIRlCxYOuVlwc="></latexit>

R

<latexit sha1_base64="yf0s3dr76C1oyUvIRlCxYOuVlwc="></latexit>

R

C

C

C

<latexit sha1_base64="yf0s3dr76C1oyUvIRlCxYOuVlwc="></latexit>

R

<latexit sha1_base64="g4eTsO2Fi2b1RzgqAlbUzG1Gr5U="></latexit>

2n → 1 to n
line

decoder

<latexit sha1_base64="Y6z0JzuMPkV8FcLi7GMHvrEKWP4="></latexit>

VREF

<latexit sha1_base64="qUrpy9QKg4DAVpgizWa3PhBTVwM="></latexit>

Vin

<latexit sha1_base64="lvZCBQueEA23l+4gKofjUMDxsRM="></latexit>

For an n-bit flash ADC,
use 2n → 1 comparators

<latexit sha1_base64="WAsOYwb5vUpgBqOBRgJOC2VY9hc="></latexit>

2n resistors generate
2n → 1 reference voltages
to compare with Vin



<latexit sha1_base64="uCTwSGZIPdfyegMd2or8s3RLZcc="></latexit>

→ b2b1b0 = 100 = 410

Parallel (flash) ADC

<latexit sha1_base64="Y6z0JzuMPkV8FcLi7GMHvrEKWP4="></latexit>

VREF

<latexit sha1_base64="P1oWeoK1yLdW8/9TRT7EaYptldA="></latexit>

= 0

<latexit sha1_base64="sV38fWUK6OoT/bQpPagUDjqb0vc="></latexit>

= 1

<latexit sha1_base64="JaDVdhXI3Z2wp/qPHMOjgqnRbI0="></latexit>

e.g. n = 3:

<latexit sha1_base64="Y5G3voxhjjEqwP4IIMcmBFKjNNE="></latexit>

If VREF = 8V, then Vin = 4.5V gives:

<latexit sha1_base64="yf0s3dr76C1oyUvIRlCxYOuVlwc="></latexit>

R

<latexit sha1_base64="yf0s3dr76C1oyUvIRlCxYOuVlwc="></latexit>

R

<latexit sha1_base64="yf0s3dr76C1oyUvIRlCxYOuVlwc="></latexit>

R
C

C

C

<latexit sha1_base64="yf0s3dr76C1oyUvIRlCxYOuVlwc="></latexit>

R
C

<latexit sha1_base64="yf0s3dr76C1oyUvIRlCxYOuVlwc="></latexit>

R

<latexit sha1_base64="qUrpy9QKg4DAVpgizWa3PhBTVwM="></latexit>

Vin

C

C

C

<latexit sha1_base64="uRJ9d3QDEUKw+0nAh2EtXI9dCto="></latexit>

7 to 3
line

decoder

<latexit sha1_base64="01QO9SzsmJtDKckv16iZefKHPsA="></latexit>

7V

<latexit sha1_base64="dZxY4M3NAjOSNDp9DjPwx2MnuHI="></latexit>

6V

<latexit sha1_base64="krEEDo3pfBG9TowQks8QUldgbYo="></latexit>

5V

<latexit sha1_base64="yf0s3dr76C1oyUvIRlCxYOuVlwc="></latexit>

R

<latexit sha1_base64="yf0s3dr76C1oyUvIRlCxYOuVlwc="></latexit>

R

<latexit sha1_base64="QzPnH/1iuVkwpCW5ER1R2nhmiRM="></latexit>

4V

<latexit sha1_base64="gK6O2xKRPHN9lF7MQdVPdCUkZW4="></latexit>

3V

<latexit sha1_base64="FqpAd7tSdNfCvmh6SVXhDKsciyg="></latexit>

2V

<latexit sha1_base64="GRY6KEXOVJrVoaH0Zy5OwLNq6qA="></latexit>

1V
<latexit sha1_base64="EwKAJhmrTB1On/XmOnBR50pQbLQ="></latexit>

1

<latexit sha1_base64="EwKAJhmrTB1On/XmOnBR50pQbLQ="></latexit>

1

<latexit sha1_base64="EwKAJhmrTB1On/XmOnBR50pQbLQ="></latexit>

1

<latexit sha1_base64="WyIKxaqQxCviCEyvlFOrCVkT6f0="></latexit>

0

<latexit sha1_base64="WyIKxaqQxCviCEyvlFOrCVkT6f0="></latexit>

0

<latexit sha1_base64="WyIKxaqQxCviCEyvlFOrCVkT6f0="></latexit>

0

<latexit sha1_base64="G4z8PsZ93fEhEcmS6ft2GFTut+k="></latexit>

b0

<latexit sha1_base64="U/c2BzgsO0OwhvEXD8Cr+/+A15k="></latexit>

b1

<latexit sha1_base64="5B/sLkJU9U8a0iERritddARdsWE="></latexit>

b2
<latexit sha1_base64="EwKAJhmrTB1On/XmOnBR50pQbLQ="></latexit>

1 <latexit sha1_base64="P1oWeoK1yLdW8/9TRT7EaYptldA="></latexit>

= 0



Parallel (flash) ADC

<latexit sha1_base64="yf0s3dr76C1oyUvIRlCxYOuVlwc="></latexit>

R
C

C

<latexit sha1_base64="yf0s3dr76C1oyUvIRlCxYOuVlwc="></latexit>

R
C

<latexit sha1_base64="yf0s3dr76C1oyUvIRlCxYOuVlwc="></latexit>

R

<latexit sha1_base64="Y6z0JzuMPkV8FcLi7GMHvrEKWP4="></latexit>

VREF

<latexit sha1_base64="qUrpy9QKg4DAVpgizWa3PhBTVwM="></latexit>

Vin

C
<latexit sha1_base64="yf0s3dr76C1oyUvIRlCxYOuVlwc="></latexit>

R

<latexit sha1_base64="g4eTsO2Fi2b1RzgqAlbUzG1Gr5U="></latexit>

2n → 1 to n
line

decoder

<latexit sha1_base64="p9MAuq5xC3KAKeqQ7xf8kLlbTwQ="></latexit>...
<latexit sha1_base64="p9MAuq5xC3KAKeqQ7xf8kLlbTwQ="></latexit>...

Fast: very little time required for conversion

Requires lots of components (for large 
number of bits, higher power consumption 
and bigger size)

Integrated circuits use lots of silicon for so 
many resistors and transistors

Expensive: ADCs with high order (large 
numbers of bits) require very small voltage 
differences between levels – noise and 
precision of components are problematic



Successive approximation ADCs (SAADCs)

C
<latexit sha1_base64="NyIgirrujIvSHAOhFBGFFWirgyM="></latexit>

Vin

ClockProgrammer

Register

DAC
<latexit sha1_base64="PBPI0nQ9+b//1/+H8lQ/+vSS/X8="></latexit>

VREF

output



<latexit sha1_base64="/1gQpEUDZGF9hHMVIXvPcqvpxCA="></latexit>

VREF

( b0
64

+
b1
32

+
b2
16

+
b3
8

+
b4
4

+
b5
2

)

FSD/2

FSD

0   1    2    3   4    5    6   7   8   9   10 …

<latexit sha1_base64="rSgSRD38zAr/NhWOq9E8f+QYiC0="></latexit>

Vin

Time steps

SAADC

out

C ClockProgrammer

DAC
<latexit sha1_base64="SwT0fiktSewlBJOsBPF9gjDtyrw="></latexit>

VREF

<latexit sha1_base64="rSgSRD38zAr/NhWOq9E8f+QYiC0="></latexit>

Vin

Register
10

00
00

11
00

00
10

10
00

10
11

00
10

11
10

10
11

11

• Works by comparing input signal to test voltage
• Test voltage is generated by DAC (e.g. 6-bit DAC):

• Programmer runs a simple algorithm:
  If test voltage > input, reduce test voltage
  If test voltage < input, increase test voltage
  Repeat until all bits set

• Only needs 1 comparator
No matching of resistors required

• Needs digital circuits to store values and run 
programmer

• Conversion takes n cycles to completely define all bits.

• Input signal needs to remain stable for this time and 
not change by more than 0.5 x LSB



Frequency limitation

<latexit sha1_base64="acxYnB9kM9kmVlp1DIfUvZFWLHE="></latexit>

Rate of change of input:

dVin

dt
= ωfVREF sin(2ωft)

<latexit sha1_base64="WpYOXeSsr20+YPcnXEOt1nCNdWM="></latexit>

Maximum allowable variation in input signal is 1
2 LSB:

!V max
in =

1

2

VREF

2n

<latexit sha1_base64="re/rDx/pPxiEnaseqPHK42bX8Y0="></latexit>

Approximate change in signal over conversion time tc:
∣∣∣
dVin

dt

∣∣∣tc →
1

2

VREF

2n
↑ ωfVREFtc →

VREF

2n+1

<latexit sha1_base64="TYJxZEBXUq1Hc+PcjUrIsI4eD0k="></latexit>

Assume peak-to-peak
amplitude is VREF

<latexit sha1_base64="Q6l8DMxA97jvDV62PUeHnXg49kc="></latexit>

Maximum rate of change:
∣∣∣
dVin

dt

∣∣∣ = ωfVREF

<latexit sha1_base64="QVaEsNPWn2Yy4zv9+/iHYKZcup4="></latexit>

VREF

2

<latexit sha1_base64="RGa/m1mt8Se33MYmQGSooFg1BSU="></latexit>

→VREF

2

<latexit sha1_base64="YeiNR2bSVr6ddt4Gl7kET48BEFg="></latexit>

tc

<latexit sha1_base64="Vxf9SVFp+wYzOZP+3EmoM4hTP9A="></latexit>

→ fmax =
1

ωtc2n+1

<latexit sha1_base64="C/EJ+74weFfOaXAp4XiQtPbGLPA="></latexit>

Assume the input signal is sinusoidal:

Vin = Va sin(2ωft) =
1

2
VREF sin(2ωft)



Frequency limitation example

<latexit sha1_base64="TfKuT2QncK7z76ogmVgBujXXkXg="></latexit>↭ Assume

ω 8-bit ADC (n = 8)

ω total time required for conversion is 10µs (tc = 10→5
)

then

fmax =
1

εtc2n+1
=

1

ε → 10→5 → 29
= 62Hz

This is very slow ↑ applications are limited

↭ A better alternative is to prevent the input changing during the acquisition process



Sample and hold

<latexit sha1_base64="aUyWgcuMC7OuV3JfdNVUpB7AuKk="></latexit>

VC = Vin

<latexit sha1_base64="Bdk5nUm9SFeEnU8SaO8bZSTiVUA="></latexit>

Vout
<latexit sha1_base64="P8m80Idq7OZvz4QbeFTHxFWhxoE="></latexit>

Vin

<latexit sha1_base64="beu/Z+oDF7qmlZlpKiMpVAEgmUQ="></latexit>

Closing the switch charges the capacitor C

The capacitor is charged during time ta (the aperture time): small C implies it charges rapidly

The switch is opened and a second follower op amp supplies the voltage Vout = VC to input to ADC

<latexit sha1_base64="cbjsCwWmHWrzYn9XhzchMmNn8OE="></latexit>

fmax =
1

ωta2n+1

<latexit sha1_base64="rFdFMJuVqhw6mBGpadxU94yrkfg="></latexit>

choose C so that ta → tc

<latexit sha1_base64="W6ODttSr8+U7bQX/41yuJ7olUzM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgKGFXfB0DXjwmYB6QhDA76U3GzM4uM7NCWPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqju6nffEKleSQfzDjGbkgHkgecUWOl2lmvWHLL7gxkmXgZKUGGaq/41elHLAlRGiao1m3PjU03pcpwJnBS6CQaY8pGdIBtSyUNUXfT2aETcmKVPgkiZUsaMlN/T6Q01Hoc+rYzpGaoF72p+J/XTkxw2025jBODks0XBYkgJiLTr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfHmZNC7K3nX5qnZZqpxnceThCI7hFDy4gQrcQxXqwADhGV7hzXl0Xpx352PemnOymUP4A+fzB24njKM=</latexit>

+

<latexit sha1_base64="GKKXMDYF+fCJskQladr9qp6gMbM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcOu+DoGvHhMwDwgCWF20puMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7/FhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGplk81Ci6xbrgR2IoV0tAX2PRHd1O/+YRK80g+mHGM3ZAOJA84o8ZKtfNeseSW3RnIMvEyUoIM1V7xq9OPWBKiNExQrdueG5tuSpXhTOCk0Ek0xpSN6ADblkoaou6ms0Mn5MQqfRJEypY0ZKb+nkhpqPU49G1nSM1QL3pT8T+vnZjgtptyGScGJZsvChJBTESmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3+PIyaVyUvevyVe2yVDnL4sjDERzDKXhwAxW4hyrUgQHCM7zCm/PovDjvzse8NedkM4fwB87nD3EvjKU=</latexit>→

<latexit sha1_base64="W6ODttSr8+U7bQX/41yuJ7olUzM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgKGFXfB0DXjwmYB6QhDA76U3GzM4uM7NCWPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqju6nffEKleSQfzDjGbkgHkgecUWOl2lmvWHLL7gxkmXgZKUGGaq/41elHLAlRGiao1m3PjU03pcpwJnBS6CQaY8pGdIBtSyUNUXfT2aETcmKVPgkiZUsaMlN/T6Q01Hoc+rYzpGaoF72p+J/XTkxw2025jBODks0XBYkgJiLTr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfHmZNC7K3nX5qnZZqpxnceThCI7hFDy4gQrcQxXqwADhGV7hzXl0Xpx352PemnOymUP4A+fzB24njKM=</latexit>

+

<latexit sha1_base64="GKKXMDYF+fCJskQladr9qp6gMbM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcOu+DoGvHhMwDwgCWF20puMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7/FhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGplk81Ci6xbrgR2IoV0tAX2PRHd1O/+YRK80g+mHGM3ZAOJA84o8ZKtfNeseSW3RnIMvEyUoIM1V7xq9OPWBKiNExQrdueG5tuSpXhTOCk0Ek0xpSN6ADblkoaou6ms0Mn5MQqfRJEypY0ZKb+nkhpqPU49G1nSM1QL3pT8T+vnZjgtptyGScGJZsvChJBTESmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3+PIyaVyUvevyVe2yVDnL4sjDERzDKXhwAxW4hyrUgQHCM7zCm/PovDjvzse8NedkM4fwB87nD3EvjKU=</latexit>→

<latexit sha1_base64="FvBnbBcLrezYYYyedej1QX25G+8="></latexit>

Hold

<latexit sha1_base64="lurLFVPtj72UrjypA4xGuG4tlI0="></latexit>

C



Summary

<latexit sha1_base64="fmAE+6Hu3mm9DMtUvX1NNZtf68E="></latexit>↭ DACs based on op amp summing amplifiers

↭ ADCs based on op amp comparators (in parallel or in time sequence)

↭ Rely on sampling – aliasing needs to be considered

↭ Speed limitations to due conversion time – improved with sample and hold

↭ Resolution limits (size of LSB)



1. Logical functions and logic gates

2. Low level logic design

3. Binary number representation

4. Binary arithmetic

5. Integration of digital logic components

6. Memory and sequential circuits

7. Design of sequential logic

8. Data converters: analogue to digital / digital to analogue 

Overview of lectures

Please send feedback, comments and corrections to mark.cannon@eng.ox.ac.uk


