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Intro / Goals

Accurate Signal and Noise Measurement

Time and Frequency Techniques

Post Processing Applications: Simplicity over Efficiency
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summary

FFT Spectrum, RBW = 102 Hz
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Tools

FFT Spectrum

Welch PSD

EVM, Correlation

ADEV

Application

- Narrowband: power of individual tones

- Wideband: noise density

-2 SNR

- Stationarity, max observation time
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Compelling Examples



ADC SNR, Spurs and ENOB

FFT Spectrum, RBW = 192 Hz
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Waveform Quality in a Processing Chain

A/D and D/A boundary
can be anywhere!
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QAM 16 Constellation Showing Gray Code Mapping

1Q Constellation
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EVM, SNR, Spectrums
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Welch Spec at Rx, bits=12, RBW = 22.5 KHz
IQ Constellation
—Eﬂ A ﬁ
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Frequency (MHz)

5 1 0 1 5 4096-QAM

EVM, SNR, Spectrums
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dBc/Hz

Consideration for Non-Stationary Signals

Phase Noise — Time Domain

Phase Noise — Frequency Domain S ()
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Power Measurement of Tones



FFT Spectrum Processing (for Tones)

9/6/2025

x[n]

Duration N sets resolution bandwidth (RBW)

Window (Kaiser, vary 8 for dynamic range needed)

Zero pad (P=4 to 10x, next pow 2)

Scale FFT by sum of window
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dBFS

Results of FFT Spectrum

FFT Spectrum, RBW = 192 Hz Test waveform:

’ O\ x(t) = Ajcos(2mfit) + A, cos(2mf,t)

=20 -

a0 Sampling Rate: f, = 100 MHz
Total number of samples: N=1,048,576
Primary tone: f;=8.2163185 MHz, A;=1

_60 -
Zoom in of FFT Spectrum
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Resolution BW and Dynamic Range

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

Kaiser Window Kernels

—— p=6,B8=1.5bins
—— [B=10,B=1.8 bins
—— [p=14,B=2.2 bins

s (ZZ(ZZQ %ggw "“ ” i

m N“ i mmm i

B result is in number bins of the original —-120 -
sequence, NOT the zero-padded length
) _ fs -20 15 -5 0 20

—

—
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dBFS

FFT Spectrum if not Windowed

FFT Spectrum, RBW = 192 Hz
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Scalloping Loss

Worst Case Scalloping Loss
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Power Measurement of Noise



Motivation for using Welch

FFT Spectrum, RBW = 192 Hz

dBFS

—40 -20 0 20 40
Frequency (MHz)
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Noise in the FFT Spectrum is ... NOISY
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Welch Power Spectral Density for Noise

<— Dblock size ——
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dBFS/Hz

Results of Welch Power Spectral Density

Welch PSD, RBW = 847.5 KHz Test waveform:
_Eﬂ -
q 1\ x(t) = Ajcos(2mfit) + A, cos(2ntf,t)

Sampling Rate: f, = 100 MHz
Total number of samples: N=1,048,576
Primary tone: f,=8.2163185 MHz, A,=1

~1007 | Spur: ,=12.13 MHz, A, = le-4
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Results of Power Spectral Density

Welch Spectrum, RBW = 847.5 KHz
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—140 - Result: -154.06 dBFS/HZ
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ADC ENOB Exam

(Perfect) 12 bit A/D Converter

Test /
Waveform N
Sample Clock

SNR = 6.02 dB/bit + 1.76 dB

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

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

9/6/2025

nle

dBFS

From FFT Spectrum: Total Signal Power = 0 dBFS (-3.01 dBFS as two complex tones)
One Sine Wave = Two Complex Tones!

FFT Spectrdm, R = 192 Hz Welch PSD, RBW = 847.5 KHz
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From Welch PSD:

Total noise power -154.06 dBFS/Hz spread over 100 MHz
=-154.06 dBFS/Hz + 10log,,(100e6)

=-74.06 dBFS
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Recommended Overlap for Windows
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Hann

Kaiser, 5 = 6
Kaiser, § = 8
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(Time)
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SNR using EVM and Correlation



Brief "IQ" Intro
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Correlation Coefficient

9/6/2025
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Example Wavetform: 16-QAM Transmitter

Eye Diagram at Transmitter

Q
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4 levels
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Example Waveform: 16-QAM Receiver

Eye Diagram at Receiver

A a
RRC Wag AMpP/Freq g Channel Decision / 0,1,1,0,1,1,1,0,0,0,.
Matched / Time
Filter

sin()
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EVM: Error Vector Magnitude

jQ (Imag)
4 R - one error vector at sample index n in time
€[n] =Vin] = Vi[n]
[]

A~

|4

Vin]

A

> | (Real)

EVM =

Sis "scale"
when § = 1}.,,c then SNR = 1/(EVM)?

in dB: SNR; = -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  and Q
Sampling Rate (f): 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 —8 dB =41.92 dB

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

SNR=41.92 dB + 6.02 dB = 47.94 dB

9/6/2025

Copyright © 2025,

Welch Spec at Tx, RBW = 21.1 KHz

_?D .

_BD .

_9.{] .

dBc/Hz

—100 -

—110 -

-

—120 -

I—

I |
=20 =10 0 10 20
Freguency (MHz)

Dan Boschen 31



SNR using EVM

Vo = t(n) Error Vector

vy = t(n)

EVM =

\/thn — t,]?
SN X 100%

9/6/2025

When S = RMS of all possible symbols in the constellation

then:
1/EVM?2 = SNR

in dB: SNR (dB) = -20Log(EVM)

Copyright © 2025, Dan Boschen
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"All Sample” EVM

Captured Waveform
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EVM for 16-QAM prior to Matched Filter

‘All-sample' EVM vs Sample Time Offset

Eye Diagram at Receiver Before Matched Filter Eye Diagram of RRC Reference Waveform

| l |
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Alignment of Mag, Freg/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



Samples

Time Alignment with Polyphase Filter Bank

+1.319¢e1 Group Delay First 50 Banks
Group Delay First and Last 50 Banks 0.0060
14.0
0.0055 -
1359 0.0050
>
— T, 0.0045 -
13.0 - ;
1 sampled delay 3
. £ 0.0040 -
s 16384 filter banks 8
0.0035
12.0 - 0.0030
0.0025
11.5 -
0.0020 . . — .
0.0 0.1 0.2 0.3 0.4
11.0 i , , , Normalized Frequency (cycles/sample)
0.0 0.1 0.2 0.3 0.4 0.5

Mormalized Frequency (cycles/sample)

Each Bank is a 27 tap FIR filter
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dB

Magnitude Response of Polyphase Filter Bank

Freq Response for all Filter Banks Freq Response for Prefilter Used in EVM Tool

0 =
-85 4 One-sided ENBW =0.457 cycles/sample
o5 (-0.78 dB for white noise)

_90 -

o5 - -50 -
~100 | =75 7

. . g
105 - High freq attenuation 1004
varies with delay used in
—09 EVM Tool —125 1
~115 - =150
—— Pre-filter Mangitude

—120 —175 A In-band Error

0.0 0.1 0:2 0.I3 0.4 0.5 ' ' ' ' '
0.0 0.1 0.2 0.3 0.4 0.5

Normalized Frequency (cycles/sample) .
Mormalized Frequency (cycles/sample)

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 F

Eye Diagram of RC Reference Waveform

Eye Diagram at Receiver After Matched Filter

| |
Sinl,

Samples

"All Sample"

Matched
Filter
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Summary of EVM Receiver Measurements

Eye Diagram at Receiver Before Matched Filter Eye Diagram of RRC IReference Waveforr]n Eye Diagram at Receiver After Matched Filter Eye Diagram of RC Reference Waveform
154 : : | 151
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0.5+ 054 . ||
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—0.5 + —-0.5 — £ H
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Samples
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\ / —46 \\ /
\ r A =7
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Sample Offset
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Sample Offset
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@ EVM Tool — 16 QAM

Rx Waveform Measurement Before Matched Filter:

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

Out: -42.7062 «— _42.7dB

A

Rx Waveform Measurement After Matched Filter:

In: tools.evm(rx_after_mf, reference_rc)
Out: (0.004149, 0.348022, 8.341614e-08)

In: tools.db(0.004149)
Out: -47.64107 «— 47.6dB

Measured EVM at Decision Samples Only: -47.9 dB

9/6/2025 Copyright © 2025, Dan Boschen

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

40



Predicted SNRs — 16 QAM

16 QAM SNR Prior to Matched filter

Quantization: 8 bits | 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: 20log,,(R) =6.02 dB
Predicted EVM after 2"d RRC fitler (removes out of band noise): -41.92-6.02 =-47.94 dB



Measured SNRs and Welch Spectrums

Welch Spec of Resampled Wfm Before MF, RBW = 21.1 KHz Welch Spec of Resampled Wfm After MF, RBW = 21.1 KHz

—60 —60
—80 - —80 -

—100 —100
" N 47.6 dB
L L
(=] (=]
ua] ua]
o o \ A R R R R

-140 1 —140 1
_160 T T T T T T T _160 |r_I f T T T T T T ‘\
—20 -15 -10 -5 0 5 10 15 20 —20 -15 -10 -5 0 5 10 15 20
Frequency (MHz) \ Frequency (MHz)
8-bit Q-noise 14-bits at matched filter output
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SNR using the Correlation Coefficient

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]:

1
p == ) xlnlr'[n]
N

p|?
191 — |p|2

SNR4g = 101log

9/6/2025 Copyright © 2025, Dan Boschen
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SNR from EVM and Correlation — 16 QAM

Using EVM:

T JZle[n] — r[n]|?

N

SNRdB — _20 loglo(EVM)

SNR after Matched Filter for 16-QAM Example:

All samples: -47.6 dB
Decision samples only: -47.9 dB

Using Correlation Coefficient:

_ 2y x[n]ri[n]
p =

SNRdB — 10 10g10 1_—

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




Example Waveform: 4096-QAM Transmitter
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Example Waveform: 4096-QAM Receiver

Zoom in Showing Time Offset i Eye Diagram: Zoom in After Timing Correction

1Q Constellation

195 2.00
Samples

RR
Filter Adjust

sin() 4 samples/symbol 1 sample/symbol
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4096-QAM Waveform Parameters

Total number of symbols: 262,144 _50
Symbol Rate (R): 1 MHz —60
Headroom: 8 dB below Full Scale _70
Number of bits: 15 bits  and Q (SOTA = 15 bits) —80
Sampling Rate (f): 8 MHz —90
RRC impulse response duration: 400 symbols N _100
RRC roll-off factor: 0.2 é _110

-120
Predicted SNR as limited by quantization noise: ~130
SNR (from Full Scale) = 6.02 dB/bit + 1.76 dB = (6.02)(15) + 1.76 = 92.06 dB ~140
SNR after Headroom = 104.10 dB — 8 dB = 84.06 dB 150
Potential SNR increase due to oversampling = 10log(f./R) = 9.03 dB —160

SNR =84.06 dB + 9.03 dB = 93.09 dB

9/6/2025 Copyright © 2025, Dan Boschen

Welch Spec at Tx, RBW = 4.2 KHz

M

Frequency (MHz)
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@ EVM Tool — 4096 QAM

Rx Waveform Measurement Before Matched Filter:

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

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

A

Out: -84.8978 = -84.9 dB
Rx Waveform Measurement After Matched Filter:

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 <« .92.9dB

Measured EVM at Decision Samples Only: -93.0 dB
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Predicted SNRs — 4096 QAM

4096 QAM SNR Prior to Matched filter

Quantization: 15 bits | and Q

AGC: -8.0 dBFS

Raised Cosine Roll-off Factor (a): 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: 20log,,(R) =9.03 dB
Predicted EVM after 2"d RRC fitler (removes out of band noise): 84.06+9.03 =93.09 dB



Measured SNRs and Welch Spectrums

Welch Spec of Resampled Waveform Before MF

Welch Spec of Resampled Wfm After MF

—60 - BEBW = 4.2 KHz _zg i RBW = 4.2 KHzZ
~70 - [ W ~70 - (
—80 - —80 -
—90 - —90 -
~100 4 ~100 4
-110 4 -110 4
¥ 120 84.9/dB ¥ 120 92.9/dB
é ~130 - é ~130 -
~140 4 ~140 4
,,,,,,,, -1504 JVL S U 1 J M S S SN S O S IO
~160 - ~160 4
-170 4 ~-170 4
-180 4 -180 4
~190 ~190 / 2 — S
-200 | ! | ! ! ! ! -200 | ! | ! !
-4 -3 -2 -1 0 1 2 3 a4 -4 -3 -2 -1 0 1 a4
Frequency (MHz) Frequency (MHz)
15-bit Q-noise 21-bits at matched filter output
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SNR from EVM and Correlation — 4096 QAM

Using EVM:

T JZle[n] — r[n]|?

N

SNRdB — _20 loglo(EVM)

SNR after Matched Filter for 4096-QAM Example:

All samples: -92.9 dB
Decision samples only: -93.0 dB

Using Correlation Coefficient:

_ 2y x[n]ri[n]
p =

SNRdB — 10 10g10 1_—

SNR after Matched Filter for 4096-QAM Example:
All samples: -92.9 dB
Decision samples only: -93.0 dB




Non-Stationary Signals



dBc/Hz

Consideration for Non-Stationary Signals

Phase Noise — Time Domain

Phase Noise - Frequency Domain Sg(f)

—30 0.06 -
3
[,
—60 e 0.04
5
0.02 |
—70 | 2
=
= 0.00
_BG T T T T T T T
0.06000 0.06001 0.06002 0.06003 0.06004 0.06005
ﬁ‘Te
_gﬂ. -
0.2
—100 A ’-g
= 0.1
S
E
=110 1 w
v 0.0
wy
i3]
T
—12(] T T T T TITTy T T T T T ITT L LA LA | L R | T —0.1 1
103 104 10° 10% . . . | ; .
Frequency (Hz) 0.00 0.02 0.04 0.06 0.08 0.10
q y Time
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Allan Deviation (ADEV)

A
- T »
instantaneous .
> time
frequency error
I
v | I |
< &1 »l
[
™ &2 >
Overlap ADEV:

Average the frequency error over duration 7
Shift one sample, compute a new average for every shift

Subtract averages that are 7 apart in time to get a difference error
RMS all the differences

Normalize answer by dividing by V2
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ADEV — White Noise

constant 1/t

Time Series Power Spectral Density Allan Deviation
—60 1071 5
0.05 lD_E m
—80 - ]
= 1077 3
0.00 H - ]
=] 10—4 -
—100 - ]

f T T T | =120 + 10°6 ] T T

0.000 0.025 0.050 0.075 0.100 102 103 104 10° 106 107 103 103
Time (seconds) Frequency (Hz) T (seconds)
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ADEV — Pink Noise

Time Series

—0.05 A

T T T
0.000 0,025 0.050 0.075 0.100
Time (seconds)
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constant

Allan Deviation

1/f
Power Spectral Density
—60 1071 3
102 3
—80 A §
-3
E 10
B ]
(] -4 ]
~100 1 1073
1077 3
—120 +——rrrmr—rrrr——rrrm 106 -
102 10° 10* 10°  10° 1077

Frequency (Hz)
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ADEV — Red (Brownian) Noise

Time Series

0.05 ~

so0 WP, ™o

—0.05 A

T T T
0.000 0025 0050 0.075 0.100
Time (seconds)
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[sa]
=

1/f?
Power Spectral Density
—60
_BG o
=100 ~
—12[] LI LEL B R N R R AL T
102 103 10* 10°

Frequency (Hz)
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Phase Power Spectral Density - Components

Welch Spectrum , RBW = 82.4 Hz

Welch Spectrum , RBW = 82.4 Hz

-50
—60 - — White Phase
—— Flicker Phase —60 -
—80 - —— White Frequency
—— Flicker Frequency —-70 -
—100 -

=120 ~

dBc/Hz

—140 |

=160 -

—180 -

—200

Frequency (Hz)
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dBc/Hz

"ADEV" for Phase Fluctuations

S¢4(f) Two-Sided Power Spectral
Density due to Phase Fluctuations

_6{] =

_8{] =

=100

=120

-140 -

—160 A

—180 A

=200

103 104 10° 10%
Frequency (Hz)
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as(T)

Two-Sample Deviation of Phase Fluctuations

107 3

1071 5

102 E

103 E
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QAI\/I Carrier Recovery and Phase N0|se

08 1 0.8
06 : T QU 06
04 I . - 3 05 04
+ + + + 05 + + + +
02 . 02
§ g g & g g
£ o g o . g0 g e
S o2 <] <} ‘ <1 S 42
+ + + + J 05 . R + + + +
04 05 . 5 y 05 0.4
06 . . 4 06
- ’ .
08 . . . g 4 0.8
L * + -t ° L 15 Sl + + +|
1 05 0 05 1 K] 05 0 05 1 45 N 05 0 05 1 15 - 05 o 05 1
In-Phase. In-Phase |n,pna|gg——————---------- —-m-nm------------——---- —— e ——
QAM - QAM
A f

Source Q Sink

Phase
Detector

\ A 4

Noise
(AWGN)

Phase

Noise  Freq Offset
Phase Offset

Loop Filter |

Decision Directed Carrier Recovery Loop

9/6/2025 Copyright © 2025, Dan Boschen



QAM Example Showing ADEV Utility

Two-Sample Deviation of Phase Fluctuations

109 3
4096 QAM
Symbol Rate 5 MHz (duration 200 ns) 1
Sample Rate 40 MHz 1074 5
RC alpha = 0.25 ]
§ 17
1073 -
lD_ﬂ' LI B B L T T T T LI B B LR T T T LI R L B R | LA B N B B
10-8 1077 106 10~ 1074 103 102
‘ Averaging Tirpe T (seconds)
Symbol Duration 50 Symbols
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"Two-Sample” vs "One-Sample” Deviation

Two-Sample Deviation of Phase Fluctuations One-Sample Deviation of Phase Fluctuations
107 1.15 x 1072
1.1x 1072
1071 §
1.05 x 1072
Eﬁ, 1072 3 =
5 ] 1072
107 - 9.5 x 10-3
10~* . . . . . . 9x1073
10°8 1077 10°% 1072 1074 1073 1072 " - - = -
Averaging Time T (seconds) A 10 10 lq 10 .
Sample Duration t (seconds)
Only 1 sample 400,000 samples Only 40 samples 400,000 samples
1) Avg each block 1) std of each block
2) std of the differences between block avgs
9/6/2025

2) avg the stds of each block
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4096 QAM EVM Results

9/6/2025

Phase Error (rad)

Phase Moise - Time Domain

0.20
0.15
0.10
0.05
0.00
—0.05 -
—-0.10 -
0.00 0.02 0.04 0.06 0.08 0.10
Time
« > —r
30ms, 150,000 symbols 9us, 360 symbols
-37.2 dB -49.4 dB
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Recap For Future Reference



FFT Spectrum to measure Tones

Zero pad FFT 4x to 10x to minimize "scalloping loss" (next pow?2)
Window with Kaiser Window, Adjust beta to adjust RBW
Scale FFT by sum of the window for accurate tone measurement

N = len(x)
win = sig.windows.kaiser (N, beta)

fout = fft.fft(x *x win, N x 10) / np.sum(win)

Understand Resolution Bandwidth

rbw = len(win) * np.sum(winx*2) / np.sum(win)*x2 # rbw in bins
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Welch Spectrum to measure Spectral Density

Primary knobs
Block size (nperseg): trades resolution BW and resolution
Window (win): eliminates spectral leakage

Block overlap (noverlap): minimize double counting: 50% for Hann, 75% for Kaiser

Additional details

One-sided or two-sided (return_onesided)
Average with 'mean’' vs 'median’

Detrend (I prefer False)

Returns a Power Quantity (use 10log10() to convert to dB)

fout, psd = sig.welch(x, nperseg=512, win=(sig.windows.kaiser(512,12)),

return_onsided=False, noverlap=0.75, fs=fs, detrend=False)
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EVM, Correlation and SNR

Eye Diagram at Receiver Before Matched Filter Eye Diagram of RRC Reference Waveform

X: waveform

r: reference

(both mean removed and
normalized by their std)

Samples

Using EVMML: Using Correlation Coefficient:
EUM — Zle[n]N_ 'r[n]|2 p = ZN x[?\}r [n]
B p|?
SNR;z = —201log,o(EVM) SNRgp = 1010g101_—|p|2
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Want More Signal Processing??

https://dsp-coach.com
Multi-stage CIC

W P

Signal Processing for Wireless Communications

Signal Processing for Software Radio

Python Applications for Digital Design and Signal Processing

Sampie -
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Backup Slides



9/6/2025

Lx(f)

A

Two-Sided Spectrum

v
—h

One-Sided Spectrum

Copyright © 2025, Dan Boschen

70



One-Sided PSD

4 A%)2
1/f noise \\\
Thermal noise —T ﬁ \ Yo
o
4 5 >

Two-Sided PSD
242 /4 4 A% /4

A
v
4

v
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Power Spectral Density Spectrum (Two-Sided)

QPSK symbol rate: R.=5 GSymbols/sec (Raised Cosine o = 0.3)

Power Spectral Density Spectrum (One-Sided)

=30 =30
—40 —40 A
=50 7 =50 A
[ | I
L L
c —60 c —60
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- =]
=70 7 —70 A
—80 7 —80 A
=40 T T T T T T T a0
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. N
Noise floor=70
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Real Baseband Spectrum

Complex Baseband Spectrum

Complex Passband Spectrum

Real Passband Spectrum

Real Passband Spectrum
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Complex Passband Spectrum

Real Passband Spectrum

Real Baseband Spectrum
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________________________________________________________________

3dBFS g S —— freq response of one DFT bin
full-scale sine wave (unwindowed) for M point DFT. Total
’ power in bin = Po/M or in dB:
il M 1010g;0 Py — 1010g,o(M
'| 7, 810 g 0810(M)
///// gl
: v ("lﬂ' 1 ﬁ ﬁ/ E
, u?M |; i ﬁ 1 E Eé /
-f s Ead ) a 4 d "JJ ﬁ | é i f
£,/2 :0 +f /2

Total area where hashed is P, the total power
due to the quantization noise relative to total
power of a full scale sine wave, spread evenly
over first Nyquist zone +/-f_/2
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Imag Imag

distribution of AWGN only
on the complex IQ plane

Real

v
o
)
L
A
v

A

distribution of Signal + AWGN
on the complex IQ plane

Case 1: Noise Only, The Magnitude is Rayleigh Distributed Case 2: Signal + Noise, The Magnitude is Rician Distributed

v
v

Magnitude Magnitude
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Resolution Bandwidth

Magnitude (dB)

Or

5+

L L F

the sum”2 of all noise samples

within the Dirichlet kernal is equal

to the sum”2 of noise samples under a
brickwall filter 1 bin wide

(RBW for rect window =1 bin)

-10

bins




DFT Magnitude DFT Window

A
A 1 4 A 1 A A A A A A A A A A A
"Zero Padding" "Zero Padding"
A A
( ] ( \
m&&&; ; e0000 - k mm; ; o000 N k

0 LYJ
"Positive Frequencies"

N-1 0| )
Y "Positive Frequencies" LY—}

. o "Negative Frequencies"
"Negative Frequencies 8 a

||D B' n
"DC Bin" C Bin
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https://towardsdatascience.com/allan-variance-in-python-d1175e5aeee?

1|}'2 4

Stationary White Noise:
ADEV goes down at 1/ﬁ

Noise is no longer stationary,
further averaging will not
estimate a mean value

Allan Deviation

102

For a "white noise" process this will
be the standard deviation of the

estimated mean when averaged for 7 . | | |
seconds (in this case of the orange 10 ot 10 10°
curve, 300 seconds) L

T: averaging time



Time

Freq




AM PM

Time: < : | < . :Z» |
carrier carrier

A
—
—
—

v

T|T

v

Freq (Mag):



Resolution BW (RBW)

Window Function h[n]

1.0
0.8
5]
g 0.6 4
=
2 0.4 1
=
0.2 1
0.0
-20 -10 0 10 20
Time index [n]
Power Spectrum H[k]?
0.12 - Gz ——>
0.10 1 —»|/ l*—RBW in units k
g 0087 (B in equations)
‘Z 0.06
E‘ 004 il Same area
) (RBW = ENBW
0.027 Equiv. Noise BW)
0.00 -
=20 =10 0 10 20
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Frequency index [k]

Copyright © 2025,

Given scaled DFT as

= ht = Y HEIE

1
G = Nz h[n] (2)

> HIKII? = BG? 3)

Combining (1), (2), and (3):

B (%Z h[n])2 = %Z h[n]?

Parseval's Theorem

DC Gain of window (DC bin
in DFT)

Area under Power Spectrum of

window = Area under
equivalent brickwall filter

Solve for B:

B =

2 h[n]*

N a2

Dan Boschen

83



https://dsp.stackexchange.com/questions/86932/converting-real-samples-to-iq/86936#86936

Method 1

cos(w,t)

LPF h(t) —>y;(t)

x(t)——

Hg()—v LPF h(t) 10

sin(w,t) ¢db/2013030301

Methods for translating Real IF to Complex Baseband | and Q
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https://dsp.stackexchange.com/questions/86932/converting-real-samples-to-iq/86936#86936

Method 2
cos(w,t)
t —
Delay t -1 Yo (t)
x(t)—
X(t—1)

Hilbert h(t) (8

sin(w,t) cdb/2013030301

Methods for translating Real IF to Complex Baseband | and Q
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https://dsp.stackexchange.com/questions/86932/converting-real-samples-to-iq/86936#86936

Spectrums for "Method 1"
Real Input: x(t)

AR

Complex LO: e/@ct

.

A

Product (complex) :x(t)e/®ct

A A

Real LPF: h(t)

[T\ .

Filtered Product (complex) :h(t) * x(t)e/®ct

l » f

cdb/2013030301

A

A

A
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https://dsp.stackexchange.com/questions/86932/converting-real-samples-to-iq/86936#86936

Spectrums for "Method 2"
Real Input: x(t)

AR

Complex Input: x(t) — jx(t)

B .

Complex LO: e/@ct

.

A

A

I »

Product (complex) :(x(t) — j&(t))e/ ¥t

l » f

cdb/2013030301

A

9/6/2025 Copyright © 2025, Dan Boschen 87



Scalloping Loss

Reducing Scalloping Loss by Windowing Alone

Reducing Scalloping Loss by Padding Alone

0.0
—0.5 - 0
-1.0 1 =14
-1.5 | Y
B 20- B
_3 —
_2.5 -
3.0 4 — - 7
' He_cl:angular Wirdow —— Rectangular Window
-3.5 1 Kalser, B =6 -5 —— Rect, pad 2x
— Kaiser, B =12 —— Rect, pad 10x
—4.0 - T T T T T T ] T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8

Tone Frequency (k+fraction)
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Tone Frequency (k+fraction)
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Measurement Noise

0.8 1
o
— x/10 ~
A =10 lOglo(l + 10 / ) 5 My typical target
= 0.6 - (depending on application)
@
A 2
=
2 v 0.4
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0 i < truth E
0.2
_2 -
3 X
_4 i D-G I I I I I I I
=20 —-18 -16 -14 -12 —-10 —8 —6
=6 7 — < measurement noise Measurement noise below noise floor (dB)
_8 T

-0.5 0.0 0.5
Freq
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Error in Noise Measurement for White Noise vs Delay Adjustment with and without Prefilter in EVM Tool

Freq Response for all Filter Banks

_10 -

o
= =20 4

—30 1

T T
0.0 0.1 0.2 0.3 0.4 0.5
Normalized Frequency (cycles/sample)

Accuracy of White Noise Measurement

0.0 1

_0.2 -

dB

_0.4 -

T T T T T T
0 2500 5000 7500 10000 12500 15000
Filter Bank (Delay Setting)

Without Prefilter

0.5 dB variation, minimum offset
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dB

dB

Freq Response for all Filter Banks

—50 1

—100 ~

—150 +

T T
0.0 0.1 0.2 0.3 0.4 0.5
Normalized Frequency (cycles/sample)

Accuracy of White Noise Measurement

—0.79 ~

—0.80 ~

—0.81 +

—0.82 +

T T T T T T
0 2500 5000 7500 10000 12500 15000
Filter Bank (Delay Setting)

With Prefilter
0.035 dB variation, fixed offset for white noise
(Inconsequential for waveforms that occupy <80 % of Nyquist)
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dB

What time step precision is needed?

EVM Floor in Tool vs Delay Step Exponent for 4 Samples/Symbol EVM Floor in Tool vs Delay Step Exponent for 8 Samples/Symbol
-40
—— rms error (EVM) —— rms error (EVM)
peak errar peak errar
_60 -
_60 -
_80 -
_80 -
jus]
=
—100 ~
—100 +
=120 4
=120 +
—140
6 8 10 12 14 16 18 6 8 10 12 14 16 18
Delay exponent: 2" steps per sample Delay exponent: 2" steps per sample
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ADC SOTA

"B. Murmann, "ADC Performance Survey 1997-2024," [Online]. Available: https://github.com/bmurmann/ADC-survey."
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Attenuation (dB)

dB Scale

Frequency Domain Magnitude Response

~

B Irreversible damage

B Danger: harmful sounds
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image source: https://www.cochlea.org/en/hear/human-auditory-range
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Example Waveform: 4096-QAM Transmitter

Eye Diagram at Transmitter
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