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We Live In An Analog World

Medical Imaging Communication Sensor Networks Autonomous Cars

Storage Transmission Processing Power Cost

* All the images are taken from Google images
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• We like to process things digitally!
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• We like to process things digitally!

• ADCs are everywhere and acts as bridge between the two worlds



An ADC in Action - Sampling

4



Bandlimited Signal Sampling: History

1. C. Shannon 3. E. T. Whittaker 4. J. M. Whittaker 5. V. Kotelnikov2. H. Nyquist

1. Communication in the presence of noise - 1949 

2. Certain topics in telegraph transmission theory - 1928

3. Expansion of interpolation theory - 1915

4. Interpolation theory function - 1935

5. On transmission capacity of ‘ether’ and cables in electrical communications - 1933

6. A simple result in quadrature - 1948

* All the images are taken from http://en.wikipedia.org
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6. K. S. Krishnan



An ADC in Action - Quantization
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An ADC in Action - Quantization
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Representation level

Decision boundary

Signal’s dynamic range

ADC’s dynamic range

Small ∆⟹ Small Error

Small ∆⟹ High Bits/sec



Dynamic Range of an ADC
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Dynamic Range of an ADC
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Power Consumption of an ADC
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Power Consumption of an ADC
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Wearable bio-medical devices 
IoT sensors

Voice assisted systems

Autonomous driving system
* All the images are taken from Google images



Low-Power ADCs
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ADC

• Sampling rate

• Bits

• Dynamic range

Sundstrom et al. IEEE TCS-I,2009

High-dynamic range ADC → Higher #bits for same error

Can we sample a high-dynamic-range signal with a low-DR ADC?

Advantages: Fewer bits – Memory efficiency – Lower power



Attenuation?
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• Will attenuation helps? • AGCs?

• Signal variations can be buried under the noise



Unlimited Sampling or Modulo ADC
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Unlimited Sampling or Modulo ADC
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5 mod 3 = 2 

12 mod 3 = 0 



Unlimited Sampling or Modulo ADC
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It solves our problem!

1. How to recover original signal from the folded samples?

2. Do we need to sample above the Nyquist rate?



Unfolding Algorithm
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5 mod 3 = 2 

12 mod 3 = 0 

Get these From these

5 12

3

6 7

6 mod 3 = 0 

7 mod 3 = 1 

If we assume that the signal samples are not changing significantly, 

then we can recover unfolded samples up to a constant factor



Difference-Based Unfolding

OF≥ 17



A Comparison

Dynamic range Sampling rate # bits Bit rate Power

Conventional 

ADC

Modulo ADC

OF should be small



Follow Up Works



Hardware Prototype



Hardware Prototype



Oversampling – Low DR – A Well Known Concept?

• Delta modulation, Sigma-Delta, differential pulse code modulation, and more

Predictor

+
−

+
Low-bit

• Lowpass-filter-based decoding



𝑎1

𝑎3

𝑎2

• Rx signal:  𝑓 𝑡 = σ𝑘=1
𝐾 𝑎𝑘 𝑔(𝑡 − 𝑘𝑇)

ISI

• Sample @ the symbol rate 
1

𝑇
& detect

Digital-Communication Problem

*In collaboration with K. Appaiah and S. B. Pillai 



Digital-Communication Problem - Modulo

• Rx signal:  𝑓 𝑡 = σ𝑘=1
𝐾 𝑎𝑘 𝑔(𝑡 − 𝑘𝑇) ISI

• Sample @ the symbol rate 
1

𝑇
& detect

𝑎1

𝑎3

𝑎2

• Oversample  → Unfold → Detect

*Liu et. al, “λ–MIMO: Massive MIMO via modulo sampling,” IEEE Trans. Comm., 2023

Results in higher quantization 

error for fixed bits



Digital-Communication Problem - Modulo

• Rx signal:  𝑓 𝑡 = σ𝑘=1
𝐾 𝑎𝑘 𝑔(𝑡 − 𝑘𝑇)

𝜆

−𝜆

𝑐

−𝑐
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• 2-ary PAM constellation: 1 2 3 4

• Folded-constellation: 1 2 3 4

1 2 3 4• Folded-constellation:

Detection  

Detection  



Our Work - Detection Without Unfolding

• Rx signal:  𝑓 𝑡 = σ𝑘=1
𝐾 𝑎𝑘 𝑔(𝑡 − 𝑘𝑇)

• Derived conditions for uniqueness after folding  

• Sampling at the symbol rate

• With quantization noise – same performance as conventional ADC



Performance Comparison - Detection Without Unfolding

Similar 

performances

Higher error

& 

oversampling
Takeaway

NO

Oversampling & Unfolding



In Conclusion

• ADC’s power consumption can not be ignored 

• Reduce the sampling rate, bits, and the dynamic range

• Modulo-folding can be used to represent high-DR data using fewer bits

• Unfolding is sampling inefficient – but can be avoided in some cases

• Of course, learning-based algorithms are developed for unfolding
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