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Objective
• This contribution proposes a reference receiver and a figure of merit of 

transmitter and distortion (TDFOM) assessment for the BASE-AU PHY based 
on 980nm and OM3


• Reference receiver and TDFOM are defined to reflect the most representative 
receiver implementation, which is consistent with the receiver implementation 
used in the link budget assessment and the definition of TX/RX 
characteristics


• Definition of the reference receiver as well as TDFOM has as objective to 
guarantee the interoperability of different implementations


• TDFOM will be used as part of the transmitter characteristics specification


• TDFOM will be used to define stress receiver sensitivity conditions
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Introduction to reference receivers and signal 
quality analysis
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Intro to reference RX and analysis — general
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PMD TX O/E

Pattern triggered 
oscilloscope

CRU

Reference 
receiver and 

analysis

• PMD TX generates a pseudo-random periodic pattern with a determined length, modulation format, baseline and clock wander 
characteristics  


• The optical splitter and variable reflector are adjusted so that each transmitter is tested with an optical return loss equal to the 
max value specified 


• A O/E converter is used to receive optical signal generated by PMD TX under test and convert it into electrical domain

• O/E is usually integrated within CRU and oscilloscope equipments


• A CRU (clock recovery unit) is used to generate a low jitter clock locked in phase to PMD TX signal. The CRU OJTF (observed 
jitter transfer function) needs to be specified according to the communications system specifications


• Pattern triggered oscilloscope is used to capture the full signal pattern with given samples per unit interval


• Equivalent response of O/E plus oscilloscope is specified in terms of a low pass filter type and order as well as its -3dB 
bandwidth


• It is usual BT4 (Bessel-Thomson 4th order low pass) filters with specified bandwidth, e.g. BW-3dB ~ 0.7/TS, being TS the nominal symbol period

• BT4 filters are convenient for eye analysis because good tradeoff between rejection and passband linear phase and HW implementation  


• Reference receiver and signal quality analysis (e.g. TDEC, TDECQ) is defined to reflect the most representative receiver IC 
implementation, for sake of interoperability and not precluding different implementations


• Quality analysis determines the amount of noise to be added to the signal so measured BER is equal to the specification limit

Splitter

Variable 
reflector

Patch cord  
(1 ~ 3 meters) 
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Intro to reference RX and analysis — e.g. TDEC
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IEEE Std 802.3-2018, IEEE Standard for Ethernet
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560
Copyright © 2018 IEEE. All rights reserved.

outer height boundary, which is set beyond the outer-most samples of the eye diagram (so that no further
samples would be captured by increasing the outer boundary of the histogram window).

The distributions of the two histograms on the left are each multiplied by Q functions, which represent an
estimate of the probability of errors caused by each part of the distribution for the greatest tolerable noise
that could be added by an optical channel and a receiver. The resulting distributions are integrated and each
integral is divided by the integral of the distribution it was derived from, giving two bit error probabilities.
The Q function uses a standard deviation, VL, chosen so that the average of these two bit error probabilities
is 5 × 10–5. Similarly, for the two histograms on the right, a standard deviation, VR, is found.

Q(x) is the area under a Normal curve for values larger than x (the tail probability, related to the
“complementary error function”), as shown in Equation (95–1):

(95–1)

where

x is (y–Pave)/VG or (Pave–y)/VG , as in Equation (95–2)

This procedure finds a value of VG such that Equation (95–2) is satisfied:

Figure 95–4—Illustration of the TDEC measurement
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2 separate sampling times are usually 
needed for clock recovery

• At least 2 comparators in the lower and 
upper side, left and right, for clock recovery 

• 1 extra comparator in Pave, for data recovery    
• 10 comparisons per symbol

Symbol error rate is evaluated with 
histograms in the 2 sampling times 
for 1 threshold, i.e. Pave

25GBASE-SR reference RX and analysis is inspired on 
possible PHY IC RX implementations

(Disclaimer: many other IC receiver implementations are possible)
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IEEE Std 802.3cd-2018
IEEE Standard for Ethernet—Amendment 3: Media Access Control Parameters for 50Gb/s and
Physical Layers and Management Parameters for 50 Gb/s, 100 Gb/s, and 200 Gb/s Operation

138.8.5.1 TDECQ reference equalizer

The reference equalizer for 50GBASE-SR, 100GBASE-SR2, and 200GBASE-SR4 is a 5 tap, T spaced, 
feed-forward equalizer (FFE), where T is the symbol period. A functional model of the reference equalizer is 
shown in Figure 138–3. The sum of the equalizer tap coefficients is equal to 1. Tap 1, tap 2, or tap 3, has the 
largest magnitude tap coefficient, which is constrained to be at least 0.8.

NOTE—This reference equalizer is part of the TDECQ test and does not imply any particular receiver implementation.

138.8.6 Extinction ratio

The extinction ratio of each lane shall be within the limits given in Table 138–8 if measured using the 
methods specified in 121.8.6.

138.8.7 Transmitter transition time

The transmitter transition time of each lane shall be within the limits given in Table 138–8 if measured using 
a test pattern specified for transmitter transition time in Table 138–12. 

Transmitter transition time is defined as the slower of the time interval of the transition from 20% of 
OMAouter to 80% of OMAouter, or from 80% of OMAouter to 20% of OMAouter, for the rising and falling 
edges respectively, as measured through an O/E converter and oscilloscope with a combined 3 dB 
bandwidth of approximately 13.28125 GHz with a fourth-order Bessel-Thomson response to at least 
1.5 × 26.5625 GHz and at frequencies above 1.5 × 26.5625 GHz the response should not exceed –24 dB. 
Compensation may be made for any deviation from an ideal fourth-order Bessel-Thomson response.

The 0% level and the 100% level are P0 and P3 as defined by the OMAouter measurement procedure (see 
138.8.4), with the exception that the square wave test pattern can be used. When the SSPRQ pattern is used, 
the rising edge used for the measurement is that within the 00000333333 symbol sequence and the falling 
edge is that within the 33333000000 symbol sequence.

138.8.8 Relative intensity noise (RIN12OMA)

RIN shall be as defined by the measurement methodology of 52.9.6 with the following exceptions:

a) The optical return loss is 12 dB.
b) The upper –3 dB limit of the measurement apparatus is to be approximately equal to the signaling 

rate (i.e., 26.6 GHz).
c) The test pattern is according to Table 138–12.

Figure 138–3—TDECQ reference equalizer functional model
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Switched capacitance to store and 
delay data in form of current

Tap weighting by means of 
current mirrors

Current addition by 
simple nodal connection

IEEE Std 802.3-2018, IEEE Standard for Ethernet
SECTION EIGHT

133
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121.8.5.3 TDECQ measurement method

The standard deviation of the noise of the O/E and oscilloscope combination, VS, is determined with no
optical input signal and the same settings as used to capture the histograms described below.

OMAouter is measured according to 121.8.4 on the equalized signal.

The test pattern specified for TDECQ (see Table 121–10) is transmitted repetitively by the optical lane
under test and the oscilloscope is set up to capture samples from all symbols in the complete pattern without
averaging.

If an equivalent-time sampling oscilloscope is used, the impact of the sampling process and the reference
equalizer on transmitter noise must be compensated for, so that the correct magnitude of noise is present at
the output of the equalizer.

The captured waveform is processed to find the largest noise that could be combined with the signal by an
ideal reference receiver when optimally equalized by a reference equalizer. The optimal equalizer tap
coefficients are dependent on the amount of noise that can be added to the signal, so finding the noise that
can be added and the optimal equalizer setting is an iterative process. One way of doing this, using estimated
PAM4 symbol error ratio as the figure of merit for the equalized signal, is described below.

The reference equalizer (specified in 121.8.5.4) is applied to the waveform. The sum of the equalizer tap
coefficients is equal to 1. An eye diagram is formed from the equalized captured waveform.

The average optical power (Pave) of the equalized eye diagram is determined, and the 0 UI and 1 UI crossing
points are determined by the average of the eye diagram crossing times, as measured at Pave, as illustrated in
Figure 121–5.

Two vertical histograms are measured through the eye diagram, nominally centered at 0.45 UI and 0.55 UI.
Each of the histogram windows spans all of the modulation levels of the eye diagram, as illustrated in
Figure 121–5. The precise time position of the pair of histograms is adjusted to minimize TDECQ while
keeping the histograms spaced 0.1 UI apart.

Figure 121–5—Illustration of the TDECQ measurement
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2 separate sampling times are 
usually needed for clock recovery

Symbol error rate is evaluated with 
histograms of the EQ signal in the 2 
sampling times for the 3 thresholds 

Cons: 
• Tap coefficients adaptation is difficult in IC implementation 
• Linear EQ is sub-optimum in terms of channel capacity due to 

the noise autocorrelation and enhancement produced by the 
FIR filter (vs capacity approaching MMSE-DFE,u), [1, 2, 3] 

• Unable to deal with strong non-linearities

Pros: 
• FIR filter implementation in analog domain 
• Very efficient in terms of speed/power tradeoff

50GBASE-SR reference RX and analysis is inspired on 
possible PHY IC RX implementations

• At least 11 comparators in right 
and left sides 

• 22 comparisons per symbol

(Disclaimer: many other IC receiver implementations are possible)

Actually, 2 EQ filters are implemented in IC, one for each sampling time
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980nm VCSEL, Tbs = 125ºC, ER=5 dB

TDECQ equalizer, 802.3cd
TDFOM receiver, 802.3cz

Comparison of TDECQ equalizer performance vs TDFOM receiver performance, 
both doing processing of VCSEL signal operating at TBS = 125ºC, 26.88 GBd, PAM4

TDECQ cannot 
be calculated for  
the output signal 

of TDECQ EQ 

TDFOM receiver is 
able to deal with  
non linear ISI
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Specification of BASE-AU 980nm/OM3 
reference receiver and analysis
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BASE-AU 980nm/OM3 reference receiver and analysis
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Fiber modelling: BT4 vs Gauss response
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• Both filters, Gaussian and BT4, present linear phase 
response in the passband


• Both filters are compared in magnitude for the same 
electrical BW-3dB = 16.4 GHz


• Considerations for BW calculation:

• EMB = 945 MHz·km

• BWcd = 5498 MHz·km

• BWeff = 931 MHz·km

• 931/40/sqrt(2) = 16.4 GHz (electrical bandwidth, assuming 

gaussian response)
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BASE-AU 980nm/OM3 reference receiver and analysis
• The input low pass filter shall be 4th order Bessel-Thomson with BW-3dB = 

16.4 GHz


• Acquisition oversampling (samples per unit interval) shall be, Ov > 15


• Waveform averaging shall be enabled to eliminate noise; averaging factor 
shall be selected high enough to avoid noise affecting the TDFOM analysis 
(error below 0.05 dB)


• Filters shall be scaled according to symbol period and modulation format as: 
 

            

                           

f1 =
1

10 ⋅TS
+5⋅108 (Hz); f2 =

1
5⋅TS

, NRZ

1
3⋅TS
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⎧

⎨

⎪
⎪

⎩

⎪
⎪

;

f3 =
1
2 ⋅TS

; f4 =
∞, NRZ
1
2 ⋅TS
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⎧

⎨
⎪

⎩
⎪

;
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BASE-AU 980nm/OM3 reference receiver and analysis

12

• MMSE-DFE filters are defined as: 

                                                          


• Equalizer DC gain is calculated as:  

                                                                    


• Number of taps for each filter depends on bit rate:

• For 50 Gb/s: NG = 8, NB = 2

• For 25 Gb/s: NG = 8, NB = 3

• For 2.5, 5, and 10 Gb/s: NG = 4, NB = 3


• G(z) and B(z) shall be calculated to minimise the mean square error (MMSE) between signals p and w, and 

sampler delay φ and G(z) delay shall be optimised for minimum BER after equalisation at each value of 


• An iterative algorithm shall find the max value of  so measured BER is equal to the specification limit 
1.757·10-4 (BER before FEC)


•  is the standard deviation of the white gaussian noise sequence nin 


• p is the periodic test pattern, that takes values {-1, +1} for NRZ, and {-1, -1/3, 1/3, 1} for PAM4 

G(z) = gi ⋅ z
− i

i=0

NG−1

∑ ; B(z) = 1+ bi ⋅ z
− i

i=1

NB−1

∑ ;

Geq =
gi

i=0

NG−1

∑

1+ bi
i=1

NB−1

∑

σ nin

σ nin

σ nin
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BASE-AU 980nm/OM3 reference receiver and analysis
• BER calculation:


• Calculate the noise sequence in the output of equaliser as n = w - s


• Calculate the standard deviation 

• Define the thresholds vector THv = [0] for NRZ, and THv = [-2/3, 0, +2/3] for PAM4


• Define Nth = 1 for NRZ, and Nth = 3 for PAM4


• Calculate the histogram of signal s, where the value of each bin h(i) is normalised to relative 
probability, such that h(i) = c(i)/Nh, where c(i) is the number of elements in the bin centred in e(i) 
with width Δe, and Nh is the number of elements of signal s 
• Δe = (max(s) - min(s))/Nh  
• Nh shall be ≥ 500 

• For each THv(k):

• Calculate ihp as the bins that meet e(i) > THv(k)

• Calculate ihn as the bins that meet e(i) ≤ THv(k)

• Calculate SERth(k) as:  

 

                      
 
 
 
where erfc(x) is the complementary error function defined as:  
 

                                                       

σ n

SERth(k) =
1
2

h(i) ⋅erfc
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2
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⎠
⎟
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π
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dt
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BASE-AU 980nm/OM3 reference receiver and analysis
• Calculate the total SER as: 

                                                 

• Calculate BER as: 


• BER = SER for NRZ, 

• BER = SER/2 for PAM4 (Gray mapping as in C/166 is considered)

SERth(k)
k=1

Nth

∑
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BASE-AU 980nm/OM3 reference receiver and analysis
• OMA calculation at EQ output:


• Define OMAeq as the OMA of signal s

• OMA shall be measured using continuous identical digits (CID)

• Search for positive CID as continuous samples of signal s with value > 0, for NRZ, or with value 

> 2/3, for PAM4

• Search for negative CID as continuous samples of signal s with value < 0, for NRZ, or with 

value < -2/3, for PAM4

• CID sequence length shall be ≥ 14 for NRZ, ≥ 7 for PAM4

• For all the CID sequences that meet length constraint, remove:


• For NRZ: first 6 and last 6 samples

• For PAM4: first 3 and last 2 samples


• For the remaining symbols of all the CID sequences calculate the average value

• For positive CID sequences, we obtain OMAp

• For negative CID sequences, we obtain OMAn


• OMAeq = OMAp - OMAn


• OMA calculation at EQ input

• Calculate:  

                       OMAin =
OMAeq
Geq

15
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BASE-AU 980nm/OM3 reference receiver and analysis
• TX DC parameters calculation:


• Calculate transmitter OMA as: 
 
                                               (watts) 

• Calculate transmitter AOP as: 
 
                                                   (watts)


• Calculate transmitter extinction ratio: 
 

                                    (dB) 

• Calculate OMA to AOP ratio as: 
 

                                                

OMAtx = OMAin ⋅β

AOPtx =α

ERtx = 10log10
OMAp ⋅β +Geq ⋅α
OMAn ⋅β +Geq ⋅α

⎛

⎝
⎜

⎞

⎠
⎟

Γ tx =
OMAtx
AOPtx

=
OMAin ⋅β

α
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BASE-AU 980nm/OM3 reference receiver and analysis
• TDFOM calculation


• Define reference Q-factor Q0 as:

• Q0 = 3.5741 for NRZ, consistent with BER = 1.757·10-4

• Q0 = 3.4981 for PAM4, consistent with BER = 1.757·10-4


• Calculate transmitter and distortion figure of merit (TDFOM) as: 
 
 

                                       
 
 
where M = 2 for NRZ, and M = 4 for PAM4.


• TDFOM0 is calculated to get TDFOM = 0 dB when an ideal transmitter (square pulse) is 
connected to the reference receiver


• It depends on bit-rate:

• For 50 Gb/s: TDFOM0 = 4.47 dB

• For 25 Gb/s: TDFOM0 = 4.27 dB

• For 10 Gb/s: TDFOM0 = 3.29 dB

• For 5 Gb/s: TDFOM0 = 2.59 dB

• For 2.5 Gb/s: TDFOM0 = 1.84 dB


• TDFOM0 values are obtained by simulation connecting a square pulse transmitter to the 
reference receiver input

TDFOM = 10 ⋅ log10
OMAin Ov
2(M −1)σ nin

Q0

⎛

⎝
⎜

⎞

⎠
⎟ −TDFOM0
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BASE-AU 980nm/OM3 reference receiver and analysis
• Why  factor?


• Noise nin is added in a point of the signal processing path were signal is sampled a rate 
of 


• The noise added is gaussian and white. Therefore,  , where time domain 
power  relates with the single-sideband power spectral density  by means of the 
sampling frequency 


• After noise addition, H2, H3 and H4 filter the signal and noise low pass before sampler 

operating at , so the noise and signal power spectral densities in the low pass band 
are preserved


• Therefore, in order to make TDFOM independent of oversampling factor, normalization 
of standard deviation is introduced as 


• How Q0 is calculated?


• For NRZ, 


• For PAM4, 

Ov

Ov
TS

σ nin

2 = Snin
2 Ov
2 ⋅TS

σ nin

2 Snin
2

Ov
TS

1
TS

σ nin

Ov

Q0 = 2 ⋅erfc−1 2 ⋅BER( )

Q0 = 2 ⋅erfc−1 4
3
⋅2 ⋅BER

⎛
⎝⎜

⎞
⎠⎟
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Illustrative examples for 25 Gb/s (980nm VCSEL)
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Shannon capacity illustration for 25 Gb/s
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TDFOM vs. RX sensitivity
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Fitting: OMATP4 = TDFOM + K 
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Conclusion
• Reference receiver and TDFOM measurement method have been defined for 

transmitter characteristics specification and stress receiver sensitivity 
conditions of BASE-AU 980nm/OM3 PHY


• Reference receiver and TDFOM are defined to reflect the most representative 
receiver implementation, for sake of interoperability, but not precluding 
different implementations


• Reference receiver and TDFOM are proposed to be included in the BASE-AU 
980nm/OM3 PMD baseline
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