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Intro / Goals

Accurate Signal and Noise Measurement

Time and Frequency Techniques

Post Processing Applications: Simplicity over Efficiency

Copyright © 2025, Dan Boschen 39/6/2025



Summary

Tools    Application

 FFT Spectrum   Ҧ Narrowband: power of individual tones

 Welch PSD     Ҧ Wideband: noise density

 EVM, Correlation Ҧ SNR

 ADEV   Ҧ Stationarity, max observation time 
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Compelling Examples
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ADC SNR, Spurs and ENOB
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Test Tone

Sample Clock

N bit A/D Converter

N
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ADC SNR and ENOB
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Waveform Quality in a Processing Chain
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16-QAM

EVM, SNR, Spectrums
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4096-QAM

EVM, SNR, Spectrums
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Consideration for Non-Stationary Signals
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Phase Noise ς Time Domain
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Phase Noise ς Frequency Domain Ὓ Ὢ



Power Measurement of Tones
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FFT Spectrum Processing (for Tones)
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Zero pad (P=4 to 10x, next pow 2)

Window (Kaiser, vary ‍ for dynamic range needed)

Duration N sets resolution bandwidth (RBW)

x[n]
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Scale FFT by sum of window

9/6/2025



Results of FFT Spectrum
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Test waveform: 
 ØÔ !ÃÏÓς“Ὢὸ ὃÃÏÓς“Ὢὸ

 
 Sampling Rate: fs = 100 MHz
 Total number of samples: N=1,048,576
 Primary tone: f1=8.2163185 MHz, A1=1
 Spur: f2=12.13 MHz, A2 = 1e-4
 
 Sampled and quantized to 12 bits to be x[n]

 

10 Hz
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Resolution BW and Dynamic Range
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Resolution Bandwidth and Dynamic Range: trade space with window used.

ὄ ὔ
Вύὲ

Вύὲ

B result is in number bins of the original 
sequence, NOT the zero-padded length

Resolution BW in Hz = ὄ
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FFT Spectrum if not Windowed
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Scalloping Loss
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Power Measurement of Noise
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Motivation for using Welch
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Noise in the FFT Spectrum is ...  noisy



Welch Power Spectral Density for Noise 
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Results of Welch Power Spectral Density
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Test waveform: 
 ØÔ !ÃÏÓς“Ὢὸ ὃÃÏÓς“Ὢὸ

 
 Sampling Rate: fs = 100 MHz
 Total number of samples: N=1,048,576
 Primary tone: f1=8.2163185 MHz, A1=1
 Spur: f2=12.13 MHz, A2 = 1e-4
 
 Sampled and quantized to 12 bits to be x[n]
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Results of Power Spectral Density
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Extract the peaks and average the noise:

Result: -154.06 dBFS/Hz
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ADC ENOB Example:
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Test 
Waveform

Sample Clock

(Perfect) 12 bit A/D Converter

N

From FFT Spectrum: Total Signal Power = 0 dBFS (-3.01 dBFS as two complex tones) 

From Welch PSD: 
Total noise power -154.06 dBFS/Hz spread over 100 MHz
= -154.06 dBFS/Hz + 10log10(100e6)
 = -74.06 dBFS

SNR = 0 dBFS-(-74.06 dBFS) = 74.06 dB

ENOB = (74.06 -1.76 )/6.02 = 12.01 bits

SNR = 6.02 dB/bit + 1.76 dB
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One Sine Wave = Two Complex Tones!



Recommended Overlap for Windows

Window Optimum Overlap

Hann 0.5

Kaiser, ‍ φ 0.637

Kaiser, ‍ ψ 0.692

Kaiser, ‍ ρπ 0.735

Kaiser, ‍ ρς 0.746

Kaiser, ‍ ρτ 0.768

Kaiser, ‍ ρφ 0.772
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SNR using EVM and Correlation
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Brief "IQ" Intro

Ὢὸ

90° ɫ

Ὅὸ

ὗὸ

RF or IF out
Complex 
Baseband In

Local 
Oscillator
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Correlation Coefficient
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Example Waveform: 16-QAM Transmitter
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Constellation 
Map

RRC Filter¬40,1,1,0,1,1,1,0,0,0,....

I

Q

4 levels

4 samples/symbol1 sample/symbol

+

cos

sin

Freq

Power (dB)

S1, S2

I

Q

S1S2

4 bits/symbol
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Example Waveform: 16-QAM Receiver
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EVM: Error Vector Magnitude
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ὠὲ

ὠὲ

I (Real)

jQ (Imag)

‭ὲ ὠὲ ὠὲ
one error vector at sample index n in time

Ὁὠὓ

Вὠὲ ὠὲ
ὔ

Ὓ
ρππϷ

S is "scale"
when Ὓ ὠ  then SNR = 1/(EVM)2

in dB: SNRdB = -20Log(EVM)
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16-QAM Waveform Parameters

Total number of symbols: 262,144

Symbol Rate (R):  10 MHz

Headroom:  8 dB below Full Scale

Number of bits:  8 bits I and Q

Sampling Rate (fs):  40 MHz

RRC impulse response duration: 30 symbols

RRC roll-off factor:  0.2

Predicted SNR as limited by quantization noise:

SNR (from Full Scale) = 6.02 dB/bit + 1.76 dB = (6.02)(8) + 1.76 = 49.92 dB

SNR after Headroom = 49.92 dB ς 8 dB = 41.92 dB

Potential SNR increase due to oversampling = 10log(fs/R) = 6.02 dB

SNR = 41.92 dB + 6.02 dB = 47.94 dB
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SNR using EVM
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Ὁὠὓ

Вὸ Ƕὸ
ὔ
Ὓ

ρππϷ

When S = RMS of all possible symbols in the constellation

then: 

1/EVM2 = SNR

in dB: SNR (dB) = -20Log(EVM)
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"All Sample" EVM
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Captured Waveform

Reference Waveform
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EVM for 16-QAM prior to Matched Filter
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Alignment of Mag, Freq/Phase, and Time

Magnitude: Normalize by the standard deviation

Freq / Phase: Use correlation to get phase, frequency is slope of phase

Time: Use correlation for course alignment, polyphase for fine adjust

Copyright © 2025, Dan Boschen 359/6/2025



Time Alignment with Polyphase Filter Bank
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1 sampled delay
16384 filter banks

Each Bank is a 27 tap FIR filter
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Magnitude Response of Polyphase Filter Bank
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One-sided ENBW = 0.457 cycles/sample
(-0.78 dB for white noise)

High freq attenuation 
varies with delay used in 
EVM Tool

Prefilter for waveform and reference used in EVM 
Tool to eliminate delay variability in EVM result
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EVM for 16-QAM after Matched Filter
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Summary of EVM Receiver Measurements
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EVM=-42.7 dB EVM=-47.6 dB
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EVM Tool ς 16 QAM
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In: tools.evm(rx_after_mf, reference_rc)
Out: (0.004149, 0.348022, 8.341614e - 08)
In: tools.db(0.004149)
Out: - 47.64107

In: tools.evm(rx_before_mf, reference_rrc)
Out: (0.007323, 0.347961, 4.519621e - 07)
In: tools.db(0.007323)
Out: - 42.7062

Rx Waveform Measurement Before Matched Filter:

Rx Waveform Measurement After Matched Filter:

EVM, time offset (samples), and phase offset (radians)

-42.7 dB

-47.6 dB

Measured EVM at Decision Samples Only: -47.9 dB
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Predicted SNRs ς 16 QAM
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16 QAM SNR Prior to Matched filter
Quantization: 8 bits I and Q
AGC: -8.0 dBFS
Raised Cosine Roll-off Factor (‌: 0.2
One-sided ENBW of Prefilter in EVM Tool: 0.457 cycles/sample
Sampling Rate (R): 4 samples / symbol

SNR using 6.02 dB/bit + 1.76 dB: 49.92 dBFS
SNR after AGC Back-off: 49.92 dBFS - 8.0 dB = 41.92 dB
Prefilter noise reduction: 20Log(2 x ENBW) = -0.78 dB
Predicted "All-Sample" EVM from EVM Tool: -41.92 dB - 0.78 dB = -42.70 dB

16 QAM SNR After Matched filter
Potential SNR increase due to oversampling: ςπÌÏÇὙ = 6.02 dB
Predicted EVM after 2nd RRC fitler (removes out of band noise): -41.92-6.02 =-47.94 dB
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Measured SNRs and Welch Spectrums
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47.6 dB42.7 dB

8-bit Q-noise 14-bits at matched filter output
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SNR using the Correlation Coefficient
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ἡἚἠἬἌ ἴἷἯ
ȿȿ
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Step 1: Remove time, frequency, phase offsets.
Step 2: Remove the mean.
Step 3: Normalize by the standard deviation to get waveform x[n] and reference r[n] .

Compute the normalized correlation coefficient using same length N for x[n] and r[n]:

”
ρ

ὔ
ὼὲὶz ὲ
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Using EVM:

Ὁὠὓ
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SNR from EVM and Correlation ς 16 QAM 
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Using Correlation Coefficient:

”
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SNR after Matched Filter for 16-QAM Example:
All samples: -47.6 dB
Decision samples only: -47.9 dB 

SNR after Matched Filter for 16-QAM Example:
All samples: -47.6 dB
Decision samples only: -47.9 dB
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Example Waveform: 4096-QAM Transmitter
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Example Waveform: 4096-QAM Receiver
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4096-QAM Waveform Parameters

Total number of symbols: 262,144

Symbol Rate (R):  1 MHz

Headroom:  8 dB below Full Scale

Number of bits:  15 bits I and Q (SOTA = 15 bits)

Sampling Rate (fs):  8 MHz

RRC impulse response duration: 400 symbols

RRC roll-off factor:  0.2

Predicted SNR as limited by quantization noise:

SNR (from Full Scale) = 6.02 dB/bit + 1.76 dB = (6.02)(15) + 1.76 = 92.06 dB

SNR after Headroom = 104.10 dB ς 8 dB = 84.06 dB

Potential SNR increase due to oversampling = 10log(fs/R) = 9.03 dB

SNR = 84.06 dB + 9.03 dB = 93.09 dB
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EVM Tool ς 4096 QAM
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In: tools.evm(rx_after_mf, reference_rc)
Out: (2.276750e - 05, 0.059998, - 4.41151e - 08)
In: tools.db(2.276750e - 05)
Out: - 92.8537

In: tools.evm(rx_before_mf, reference_rrc)
Out: (5.689957e - 05, 0.059998, 9.174326e - 10)
In: tools.db(5.689957e - 05)
Out: - 84.8978

Rx Waveform Measurement Before Matched Filter:

Rx Waveform Measurement After Matched Filter:

EVM, time offset (samples), and phase offset (radians)

-84.9 dB

-92.9 dB

Measured EVM at Decision Samples Only: -93.0 dB
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Predicted SNRs ς 4096 QAM
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4096 QAM SNR Prior to Matched filter
Quantization: 15 bits I and Q
AGC: -8.0 dBFS
Raised Cosine Roll-off Factor (‌: 0.2
One-sided ENBW of Prefilter in EVM Tool: 0.457 cycles/sample
Sampling Rate (R): 8 samples / symbol

SNR using 6.02 dB/bit + 1.76 dB: 92.06 dBFS
SNR after AGC Back-off: 92.06 dBFS - 8.0 dB = 84.06 dB
Prefilter noise reduction: 20Log(2 x ENBW) = -0.78 dB
Predicted "All-Sample" EVM from EVM Tool: -84.06 dB - 0.78 dB = 84.84 dB

4096 QAM SNR After Matched filter
Potential SNR increase due to oversampling: ςπÌÏÇὙ = 9.03 dB
Predicted EVM after 2nd RRC fitler (removes out of band noise): 84.06+9.03 =93.09 dB
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Measured SNRs and Welch Spectrums
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92.9 dB84.9 dB

15-bit Q-noise 21-bits at matched filter output
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Using EVM:

Ὁὠὓ
В ὼὲ ὶὲ

ὔ

ὛὔὙ ςπÌÏÇὉὠὓ

SNR from EVM and Correlation ς 4096 QAM 
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Using Correlation Coefficient:
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SNR after Matched Filter for 4096-QAM Example:
All samples: -92.9 dB
Decision samples only: -93.0 dB 

SNR after Matched Filter for 4096-QAM Example:
All samples: -92.9 dB
Decision samples only: -93.0 dB
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Non-Stationary Signals
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Consideration for Non-Stationary Signals
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Phase Noise ς Time Domain
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Allan Deviation (ADEV)
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time
instantaneous
frequency error
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ADEV ς White Noise
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ADEV ς Pink Noise
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ADEV ς Red (Brownian) Noise
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Phase Power Spectral Density - Components

Copyright © 2025, Dan Boschen 589/6/2025



"ADEV" for Phase Fluctuations
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Ὓ Ὢ Two-Sided Power Spectral 

Density due to Phase Fluctuations



QAM Carrier Recovery and Phase Noise
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