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What do we have now?-- Mix-Signal Receiver Model

Hffe(f) Rd S(tp) S(0) S(rp) Rd

Input randomly chosen 

from L-Level alphabet

Pulse amplitude At
Unit interval 1/fb

Hffe(f) Rd S(tp) S(0) S(rp) Rd
Hr(f)∙

Hctf(f)
DFE

TP0 TP5

Path termination Device package

Hffe(f) Rd S(tp) S(k) S(rp) Rd

Package-board 

interface

TP5

Channel under test

+

Victim

Crosstalk

+

Input-referred noise 

spectral density, η0

Receiver

+

Sampling time, ts

Jitter

{ADD, σRJ}

Detected transmitted signal 

compute error ratio

Mix-Signal 

Receiver Model

Reference: IEEE Std 802.3-2015, Annex 93A
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Proposed ADC-DSP Receiver Model

Hffe(f) Rd S(tp) S(0) S(rp) Rd

Input randomly chosen 

from L-Level alphabet

Pulse amplitude At
Unit interval 1/fb

Hffe(f) Rd S(tp) S(0) S(rp) Rd
Hr(f)∙

Hctf(f)

TP0 TP5

Path termination Device package

Hffe(f) Rd S(tp) S(k) S(rp) Rd

Package-board 

interface

TP5

Channel under test

+

Victim

Crosstalk

+

Input-referred noise 

spectral density, η0

Receiver

+

Sampling time, ts

Jitter

{ADD, σRJ}

ADC

ADC-DSP 

Receiver Model

DFE

Detected 

transmitted signal 

compute error ratio

FFE

Automatic 

Gain Control

Noise 

amplification

+

Quantization 

Noise σQ

Quantization

• AGC is considered to keep the signal to quantization noise proportional.

• ADC quantization noise is introduced at ADC.

• Jitter is added at the ADC instead of DFE.

• Noise amplification of FFE is considered in time domain.

• Quantized FFE and DFE models are considered both in signal and weight values.
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What’s New: Differences and New Parameters

Hr(f)∙

Hctf(f)
DFE

Receiver

+

Sampling time, ts

Jitter

{ADD, σRJ}

Detected transmitted signal 

compute error ratio

Mix-Signal Receiver Model

Hr(f)∙

Hctf(f)

Receiver

+

Sampling time, ts

Jitter

{ADD, σRJ}

ADC DFE

Detected transmitted 

signal compute error ratio

FFE

Automatic 

Gain Control

Noise 

amplification

+

Quantization 

Noise σQ

Quantization

ADC-DSP Receiver Model

• “Equalize then Slice” vs. “Equalize, Sample, Equalize then Slice”.

• “DFE only” vs. “FFE&DFE interaction”.

• “No quantization issues” vs. “ADC, FFE, DFE need quantized model.”

Parameter Symbol Units

ADC input amplitude. 𝐴adc mV

ADC resolution 𝑁adc bit 

FFE weight bit number 𝑁ffe bit

DFE weight bit number 𝑁dfe bit

FFE Tap Number 𝑁𝑓 --

FFE Pre Tap Number 𝑁𝑝𝑟𝑒−𝑓𝑓𝑒 --

DFE Tap Number 𝑁𝑏 --

• ADC input amplitude will 

impact the AGC gain.

• ADC input amplitude and 

resolution determine the 

quantization noise.

• FFE&DFE weight bit # will 

determine the residual ISI 

induced by the quantization.
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ADC-DSP Reference Receiver Model: Revised Formulas

ℎ𝐽 𝑛 =
ℎ 𝑡𝑠+ 𝑛+1/𝑀 𝑇𝑏 −ℎ 𝑡𝑠+ 𝑛−1/𝑀 𝑇𝑏

2/𝑀

𝜎𝑋
2 =

𝐿2−1

3 𝐿−1 2

𝜎𝑖𝑛
2 = 𝜎𝑇𝑋

2 + 𝜎𝑋𝑇
2 + 𝜎𝑁

2 , scaled by the AGC gain.

𝜎𝑇𝑋
2 = ℎ(0) 𝑡𝑠

2
⋅ 10−𝑆𝑁𝑅𝑇𝑋/10

𝜎Q
2 =

1

3

𝐴adc

2𝑁adc−1

2

𝜎𝐼𝑆𝐼
2 = 𝜎𝑋

2 ⋅  𝑖 ℎ𝐼𝑆𝐼
2 (𝑖) ,

𝜎𝐽
2 = 𝐴𝐷𝐷

2 + 𝜎𝑅𝐽
2 ⋅ 𝜎𝑋

2 ⋅  𝑛 ℎ𝐽
2 𝑛

𝜎𝑚
𝑘 2 = 𝜎𝑋

2 𝑛 ℎ 𝑘 𝑚/𝑀 + 𝑛 𝑇𝑏
2

𝜎𝑋𝑇
2 =  𝑘=1

𝐾−1 𝜎𝑖
𝑘 2

𝛼FFE =  𝑖 ffeWeight 𝑖
2

𝜎𝑁
2 = 𝜂0  0

∞
𝐻𝑟 𝑓 ⋅ 𝐻𝑐𝑡𝑓 𝑓

2
𝑑𝑓

𝐴𝑛𝑖
2 = 𝛼FFE

2 ⋅ 𝜎in
2 + 𝜎Q

2 + 𝜎𝐽
2 + 𝜎𝐼𝑆𝐼

2

𝐹𝑂𝑀 = 20 ⋅ log10
𝐴𝑠

𝐴𝑛𝑖

Hr(f)∙

Hctf(f)

+

Sampling time, ts

Jitter

{ADD, σRJ}

ADC DFE

Detected transmitted 

signal compute error ratio

FFE

Automatic 

Gain Control

Noise 

amplification

+

Quantization 

Noise σQ

Quantization𝜎𝑖𝑛
2 = 𝜎𝑇𝑋

2 + 𝜎𝑋𝑇
2 + 𝜎𝑁

2

ADC resolution 5 6 7 8

𝜎Q in mV 

@𝐴adc=200mV
3.72 1.83 0.91 0.45 

Upper bound of 𝜎𝑁: 

8.2 × 10−9V2/GHz ∗ 56GHz × 103 =

0.6776mV

Quantization noise cannot be neglected 
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Quantized Model

ADC model: 

𝑓ADC 𝑥 = round 𝑥 ⋅
2𝑁adc−1

2⋅𝐴adc
⋅

2⋅𝐴adc

2𝑁adc−1

𝜎Q
2 =

1

3

𝐴adc

2𝑁adc−1

2

AGC model:

𝑔agc =
𝐴adc

 ℎ𝑖
, ℎ𝑖 is the sampled pulse response at 

ADC input. 𝐻𝑐𝑡𝑓 𝑓 = 𝑔agc ⋅ 𝐻𝑐𝑡𝑓
before AGC 𝑓 .

CTLE 

& AGC
FFEADC DFE

ADC input 

amplitude 

(𝐴adc)

ADC 

Resolution 

(𝑁adc)

DFE

Quantization 

(𝑁dfe)

FFE weight

Quantization 

(𝑁ffe)

ℎ𝑖 = ℎ 𝑡𝑠 + 𝑖 ⋅ 𝑇𝑏

ℎ𝑖
Q

AGC gain 

(𝑔agc)

Quantized DFE model: 

ℎ𝑄(𝑖) = floor
 𝑗 ffeWeight𝑗 ⋅ 2

𝑁ffe−1 ⋅ 𝑓ADC ℎ(𝑖 − 𝑗) ⋅
2𝑁adc − 1
2 ⋅ 𝐴adc

2 𝑁adc+𝑁ffe−1 −𝑁dfe

𝐴𝑠
Q
= max ℎ𝑄(𝑖) , dfeWeightQ = ℎ𝑄(𝑖𝑑𝑥 + 1~𝑖𝑑𝑥 + 𝑁𝑏)

𝑖𝑑𝑥 is the location of 𝐴𝑠
Q

in ℎ𝑄(𝑖).

dfeWeight = dfeWeightQ ⋅
2 𝑁adc+𝑁ffe−1 −𝑁dfe

2𝑁ffe−1 ⋅
2⋅𝐴adc

2𝑁adc−1

Quantized FFE Model:

𝑓FFE 𝑥, 𝑖 =  𝑗 ffeWeight𝑗 ⋅ 𝑥𝑖−𝑗

ffeWeight = round
ffeWeight

max
𝑖

ffeWeight𝑖
⋅ 2𝑁ffe−1 ⋅

1

2𝑁ffe−1

Sampled Pulse Responses: 

ℎ𝐹𝐹𝐸(𝑖) =  𝑗 ffeWeight𝑗 ⋅ 𝑓ADC ℎ 𝑖 − 𝑗

ℎ𝐷𝐹𝐸(𝑖) =  
ℎ𝐹𝐹𝐸(𝑖), 𝑖 is not DFE tap
ℎ𝐹𝐹𝐸(𝑖) − dfeWeight𝑖 , 𝑖 is DFE tap

Signal Amplitude and Residual ISI: 
𝐴𝑠 = max ℎ𝐷𝐹𝐸(𝑖) / 𝐿 − 1 , Eye height, align with Annex 93A 

ℎ𝐼𝑆𝐼(𝑖) =  
0, 𝑖 is main tap

ℎ𝐷𝐹𝐸(𝑖), 𝑖 is not main tap

Compute the DFE 

weight in digital 

domain then do the 

reverse conversion. 

𝑥 is ADC 

input signal.
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Further Considerations

CTLE 

& AGC
FFEADC

CDR FFE/DFE Adaption

DFEFFE Channel

Transmitter Receiver

3

1

4

2

4

① CTLE bandwidth. The peak frequency of 802.3cd CTLE is ~32GHz@53.125GBd.

– Introduce a scaling factor (<=1) of 𝑓𝑏 in CTLE formula?

② CDR locking phase.

– Pulse response peak [@ADC input/CTLE output] or MM-PD locking phase or Multiple locking phase?

③ FFE&DFE adaption, Interaction of FFE and DFE.

– The choice of Pos1 to Main ratio (i.e. 𝑏𝑚𝑎𝑥). Fixed or Adaptive?

④ Quantization issues

– ADC input amplitude (Automatic gain control, AGC) & resolution

– Quantized FFE & DFE model.




