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DQE/DQM Background

2015 Hill ITC Paper
- “Metrics and Test Procedures for Data Quality Estimation
in the Aeronautical Telemetry Channel”

2015 Rice/Perrins ITC Best Paper
-“Maximum Likelihood Detection from Multiple Bit Sources”

IRIG 106-22 Chapter 2, Appendix 2-G
- “Standards for Data Quality Metrics and Data Quality
Encapsulation”

2022 Temple ITC Paper
- “Some Thoughts on Testing the Data Quality Metric”

IRIG 118-22 Release 2 Volume 2., Chapter 11, 2022
“Test procedures for assessing telemetry receiver data
quality metrics”

Industry Day on DQE/DQM assessment 10/28/22

QuUASONIX 2

DQE/DQM transport protocol to support
efficient multiple source TM combining

Optimal combining recipe and performance
analysis - Maximum Likelihood Bit
Detection (MLBD)

Standardized in IRIG 106-22

Proposed DQE/DQM verification test
methods

DQE/DQM verification test methods
standardized in IRIG 118-22

Initial multi-vendor DQE/DQM
performance/compatibility testing
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Data Quality Metric (DQM)

e 16 bit value that indicates the BEP for a ‘single’
block of TM data bits

e Periodically inserted in TM data output stream

e DOM TM Data + DQM
A Article value DQE _>a S = R = R £ E
& Estimator » Packetizer -
Quality
\ Information
TM Data

Receive RF Demodulator
Antenna emoauia 0)

Telemetry Receiver
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" S
“Gambling Quality Metric (GQM)”

e Probability of winning for the next N plays
e Play multiple games simultaneously to further improve odds!
e Don't get excited, it doesn’t exist...
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DQM Telemetry Applications
10 BEP=1010

o Provides estimate of TM quality without a priori s
knowledge of data. 5 BEP=10
o 1 BEP=10!
e Provides real-time indication of the TM channel.
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Provides sufficient information for optimal
multi-channel telemetry reception.
o Potential for virtually ‘error-free’ telemetry.
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Industry Day (10/22) - Preliminary DQE/DQM integration
(RFVWG meets RCC TG RF Systems - Yuma March 2023 - Final.pdf)

_.DQ_I_\/I._a.sﬁse.s.smen.t._res_u.lts. ataglance

. Te St Sce na rIOS .;NWGN Step DQHE. Measurement, ,ﬂode 0 At 10 Mlaps

. Tes0

_'50testscenarl05tested L e R
. 22for111— SweepAWGN statlc Lo

* 24 FOR 11.3 — ACI - static

Te-3

te-d

= 4 for 11.2 — Step AWGN - dynamlc } tes :
e AII results logged |nt0 one consolldated By L
matrlx : : : 1es ; :
* BER & BEP (along W|th Min & Max spread) = e 3-5dB? 5
. Rawmatrlxnotmeamngfultobesharedwrthu ‘*”’..
. Conclu5|ons E E E L e _ : : :
. AII TM receiver vendor present are E : e :

COMPLIANT W|th the DQE encapsulatlon format {uersmn 0) -

-+ Note Versmn 1 was not tested

. As for valldatmg the assessment ofthe DO.M the IRIG 118 ch11 m|sses a Cr|ter|a
- or threshold for PASS/FAIL.  ©

* Concept of Variance (dlstance) between BER and BEP
= 17dB for noisy to very noise channel (le BER Iower than 10- 4} : :
e 3 S?dBfornmsytoverynolsechannel(re BERbetterthanlO 6)
. Other thresholds to define: 3 ”trumpet mask” as shown in red above T~—1
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DQM Accuracy:
How good is good enough?

e How accurate does the DQM estimate need to be to not
“significantly” degrade the MLBD output performance?

e Need to understand relationship between DQM and MLBD

Receive Telemetry Data

Antennas +DOM
Source 1
. RF Receiver pae1
Test Article /Path/lv —y  [—
Path 2 Source 2
\ RE R QE Best Best

pom 7?77 MLBD
Estimati q BEP
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Aeronautical Telemetry channels

e Variety of channel conditions
o AWGN, ACI, Multipath, Flat Fading, Interference

o 2022 ITC Kip Temple paper (DQM testing)

o “The DQM must be relevant for all channel conditions or sources of signal
corruption that may exist during telemetry operations.”

o “The key to assigning a DQM value is an accurate and consistent estimate of
the bit error probability that applies to the data that follows the estimate.”

Must be able
. to play all
hands well

QuUASONIX :
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How does DQM affect MLBD?

e Example: Extreme over and under estimation

p = transition probability (BSC)
X = bit transmitted{0, 1}
y; = channel i output{0, 1}

p=10" P> Y1
A. Actual transition Das Vs A
probabilities p,=10~ - » MLBD —— X = MLBD (p;. y; . P2, ¥2 5 P3s ¥3)
ps=10-3 P3, Y3, P(E)=1.1098 x 10~ -example in paper
=
B N\ : * 4l AR _12 f)\l'«‘ Yi
- p; optimistic  p;=10-* —70 R
p,=107 P2 Y2 | s X=Y, -source 1 becomes dominant
) \ D3 V3 P(E)y=1x10* =~ 1 exponent of loss
p3210' >
AN e N f)\l* 4
C. p, pessimistic p;=0.5 -—- .
p,=1072 P2 Y2 | vien X=Y; -source 1 1s ignored
i 103 Ps» V3 P(E)=1x 107 ~2 exponents of loss
ps=10~ —

Misestimation of p can degrade MLBD performance
QuUASONIX 9
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MLBD Calculations (Ideal and estimated DQM)

e Ideal DOQM

+ Bit decision is based on comparison of LLR
sums of group that votes O [l versus 1

x=0 l |

Tr(52) e (52) 228 e
i A e A i€l

' _ ' probability of
® Estlmated DQM error for ideal

. =0 . and estimated

Z log(ljpra> > Z log( ppn) — P, = ZP[z DQM
neNg I Pn neNy I " ¢€I+I
e Bias

Systematic estimation bias

offsets all terms

1_ An ias b Phias ~
g (Db ) B2, g () ~ og ()
PnPbias
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MLBD calculations are just like
“Perfect Play” tables (fixed)

e Procedure to play each hand for maximum possible return
e Note: These are fixed tables (best way to play all possible hands)
: Video Poker
Blackjack

(Jacks or Better) MLBD

DEALERS UP CARD
LLR LLR

2.3 4.5 &6 7 8 970A
83 HHHMHMHMHMHHHH

9 [HIDD DD DD DD [H IH [HI H! 1H
10 DDDDDD DD DD DD DD DD IHIH Flush
DD DD DD DD DD DD DD DD DD DD SO ’ ’/I
i (Full Pay) Return 99.54 Percent Thres of a kind f--:'rz .pr:
{H HHHH ]{]“
IH HHHH
P S HHHHH = _ q
L S/H HHHH S R RRE] 7| Skt [ 7| & & O
A DD H! HI H B (H el o Fogr 2 Fom 10w o |
A3 [H H DDDDDDH H H [H H ‘ %343 | 4 Cords of an Open | ; ‘ ;aw
MY A4 I DD DD DD I 1 1 L H S8S083 3138) | stroight Flush ' - ’ i e | ;aﬂ. JJ
A-5 [H/'H' DDDDDD'H 'H [H 'H 'H (& | FF
: A-6 [HI[HIDD DD DD [H M [H1 1HI @7 | | Tuopar ,;_,‘.!!, e ‘o_w_wo:'o.l
A7 S DDDDDDDD'S S [HIH H 2 Lo __ol_sl sl 3
Tl -8 [SiiSiisiisiisiisiiSiiSiiSIiS ; Al naan
Il Ao isiisiisiisiisiiSIiSIISIISIiS | ) | Sramrn o) o) o) 8| Seaecte, ) ’
N BEZR H%%%%H HHH ——— - — F
D BEEN HH HH Full House [o o[ @ @ | Hiohreir 35-44) o Redraw ";" [ ]2
44 HHHHHHMHHHH LAY i m [ehe)e)s)
5-5 DDDDDDDDDD H H H [HI[H
(X SP|SP|SP|SP|SP L B M Nl
7-7 EIRINIEIEIEH KM Choose
.23 SP|SP|SP[SP|SP|SP|SP[SP|SP|SP| —
9-9 HIEIHIEAE s HAHA'S 'S Lal' eSt
10-10 551 151 iS iS1 iSH 52 IS1 1S1 IST S g
..M SP|SP|SP|SP[SP|SP[SP|SP|SP|SP)|

Fun Fact - Brute force
DQM MLBD card
has 2((16+1N) rows!
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MLBD Simulation Approach
(compute loss over all combinations)

P, 4 Ideal P34 Estimated p,

N=3  fes,

// (pl’p2’p32// |
e ,
| : /' » P, | » P,
| L /;/
v .7
P, P1,P2:P3 P, pl,pips,/ﬁl
MLBD MLBD

Probability of Probability of
Error Calculation Error Calculation

P(E|p;,p,.,p3) P(E[p..p2.03 P1)

Ideal MLBD with MLBD output as a
perfect p function of p, estimate

Probability Cost = P(E[p;,p,,p5) -P(E|p1,p2,p3,ﬁ1)
Error Exp Cost = log10(P(E|p,,p,.Ps)) —10g10(P(E|p;.p,.p5P1))
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Simulation Parameters (start out simple)

e DQOM resolution
¢ IRIG standard 21 = 65536 values BEP=0.5 to 10-12
+ Start with reduced resolution of 1 exponent (0 to 12)

e N > 2 but unknown
¢ Start with reasonable number of sources N=3,5,7

e Math Equation vs Monte Carlo
+ Prove that P(E) formulas agree with brute force

e Gain understanding of basic relationships

=
N

N=3

- MLBD
Example: |

~exp loss

DQM est error exp

o e

p tuple combinations
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Simulation Results

e Calculate MLBD performance loss vs estimation error
Error Exp Cost = log10(P(E|p;.p.,Ps)) —l0g10(P(E|p,.p,,ps 1))

Coarse Sampling (1 exp) Fine Sampling (0.1 exp) (| | & axis flipped)
i MLBD performance loss (error exponent)
' ' ' 0
& o N=3 _
= :: w  N=5 2
T 108 +  N=7 wn a” 2
g » 2
s o 3
2 J 3
— : o .,
ol m
mé 49 _I E 8
1 =
5 8 g ol
=’ N
3 N=7
MESE SR EEEERES SRR BN 12 - - : -
-10 -5 0 5 10 ] 2 4 6 8 10 12
p exponent misestimation amount Misestimation of Transition Probability Exponent (A p, em]
DQM Estimation Error IDQM Estimation Error|

Simulations suggest that MLBD loss exponent is bounded by
DQM estimation error exponent!
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Can this bound be shown to apply for all N and p tuples?
e When all else fails, dig into the math...
e What does it take to degrade P(E)?
+ Answer: Adjust p, to flip the smallest positive M[i] negative
e Math required to degrade MLBD (see appendix for details)
log(ljﬁl) =log(1_pl)+ﬂf[émin+] — P L

D1 N p1+ (1 — py)eMlimins]

. , , , Smallest change in p;to degrade PE
Pe — Z PM - P[@min+] + P[Emax-] :

A pe
Ap1,, = l0ogio (i—i) , AP, = logio (P)

MLBD Loss DQM Error
AP,..,, < [Api,

Eexp

Mathematical analysis shows that MLBD loss exponent is bounded by
DQM estimation error exponent regardless of N or p!
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Impllcatlon on DQM accuracy

AWGN Swaep DaM Correlation PCMFM @ 10 Mbps
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Figure 5: DQM Correlation Plot with Bound Calculation Example

QuUASONIX

16

" loss could be approximately
twice that of ideal system
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DQM measurement thresholds
along with maximum MLBD system loss

0 AWGN Sweep DQM Correlation, PCMFM @ 10 Mbps
10 A4S SR EEH - kb | iR oyt Tiiqonam b B ERE b iR~ 2§44 | b3 B R A ¥

AWGN Sweep DQM Correlation, PCMFM @ 10 Mbps

109 g e
-~

T

® Measured BER vs BEP E
Ideal BER vs BEP

4 Measured BER vs BEP
Ideal BER vs BEP

102 102

104

B I
o106k £ <102=100 1 & otk ]
L <10l =10 P 1
£ <1003 =2 i
108 F e = 108 F _
10710 ¢ 3 1010 .
10712 b : I . L 40712 buws TTPUR TP fihiais o i Biiiali i G flitaii i i Niiiiio g
100 1072 10 108 108 10710 10712 10° 102 10 108 108 10°10 1012
BEP (Derived from DQM) BEP (Derived from DQM)
Figure 6: DQM Correlation Plot with various thresholds Figure 7: DQM CorrelatiomyPlot with tapered threshold

RCC has a new tool to understand implications of DQM accuracy thresholds
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DQM testing standard

o 2022 ITC Temple paper — “Some thoughts on testing the Data Quality Metric”
o “The key to assigning a DQM value is an accurate and consistent estimate of

the bit error probability that applies to the data that follows the estimate.”

o “The DQM must be relevant for all channel conditions or sources of signal
corruption that may exist during telemetry operations.”

e IRIG 118-22 Release 2 Volume 2 Chapter 11

https://www.trmc.osd.mil/wiki/download/attachments/113019772/118-22 Vol%202R2-

Test Methods TM_Systems Subsystems.pdf?version=1&modificationDate=1665520822889&api=v2

Table 11-2. Test Matrix for Data Quality Metric Testing

Test Number

Test Description

11.1

BER vs BEP with Additive Noise

11.2

DQM (BEP) Step and Dwell Response

11.3

BER vs BEP with Adjacent Channel Interference

11.4

BER vs BEP for Static 3-Ray Multipath Channel Conditions

11.5

BER vs BEP for Static 2-Ray Multipath Channel Conditions

11.6

DQM (BEP) Resynchronization Response

Transmitting Waveform

Source

Waveform +
Noise

Tr itting Waveform

QuUASONIX

Calibrated Noise Telemetry DQE ) DQM Reader/
Test Set Recevier Logger
Waveform +
Calibrated Noise Noise Telemetry DQE | | DQM Reader/
Test Set Recevier Logger
Eb/No Step Control Step and
Dwell Time
Source

Cata/Clock
b

Bit Error Rate
Test Set

Cata/Clock
| N

Bit Error Rate
Test Set

Test 11.1

Test 11.2


https://www.trmc.osd.mil/wiki/download/attachments/113019772/118-22_Vol%202R2-Test_Methods_TM_Systems_Subsystems.pdf?version=1&modificationDate=1665520822889&api=v2
https://www.trmc.osd.mil/wiki/download/attachments/113019772/118-22_Vol%202R2-Test_Methods_TM_Systems_Subsystems.pdf?version=1&modificationDate=1665520822889&api=v2

DQM testing — setup and measurements

™
e e e Bit Error Rate Tester
™
Transmittin : . onl Bit Error Rate
g .| Calibrated Noise | | Telemetry y‘ 5
Source Test Set g Receiver - (BER) Traditi | TM
(PN data) raditiona
Test Equipment
DQE/DQM TM + DQM
= 5 N TP rew——— — e
i ™MO (5) ™1 § ™2 CH1l AWGN Step DQM Distribution, Mode 0 At 10 Mbps
Analyzer 3 W&
¥ / N
DQM 0 : .
DQEI!Dacket DQMO  —» ggp £ 0.5 Y f\.
icer — .
. H DQM 0 M o 3
2l TMn [ BER & LiHe
0 oy ., i
BEP Versus DQM DQM reader . \' .
BEP LR___[DQM PN Aligner : 3 -
0.5 1.00 0 DQM 16381 a - e Al P B Bl
1e—01 | L.11111e=01] 5211 F)Y Eles B DOM 16381 | Bgp — 1le BRI e
1e—02 | 1.01010c—02 | 10898 PN Match Counter M
1e703 | 1.00100e-03 | 16381 DY o =
104 | 1.00010e—04 | 21845 H . DQM 16381 @ ’ "
1e—05 | 1.00001e—05 | 27306 BER CH11 AWGN Step DQM Measurement, Mode 0 At 10 Mbps
1e—06 | 1.00000e—06 | 32767 N
1c—07 | 1.00000c—07 | 38229 O
1e—08 | 1.00000c—08 | 43690 Q
1e-09 | 1.00000e—09 | 49151 Z . )
1e—10 | 1.00000e—10 | 54613 = ° 12
le—11 | 1.00000e—11 | 60074 - -
Te 12 1.00000c12] 65535 ~ [DomesE®: DI Q'\QSF?S% 2 le R
M 1e-8
DQM 65535 =
—>
el o
N
Y 112 el 1e10 1e8  1e8  Te7 e les  led  le3  le2  Tel  1e=0
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DQM BER resolution vs measurement time (“binning”)

216 = 65536 DQM values
DQM resolution in error exponents =~ 0.0002

High resolution,

DQM 0

DQM 0 O 5, 1e'030103

—> BEP =

DQM 0
BER

N
: DQM 255 -
DQM 255 _,QBEP 2 le 0.325
Bl
H . DQM255
BER
N
DQM 256 -
DQM 256 _pQBEp 2 1e 03251
= 1
H |, DQM 256
BER
N
DQM 65536 -12
DO G553 |_s e = le
BN
H _, DQM 65535
BER
N

long test time

QuUASONIX

~ 4 Hrs vs 1 min

20

256 combined DQM values

2"\8 =

= DQM 0-255

—>

i
CI; DQM 256-511
M
2 Bl H
= |
(=
o
o
X
D =
— .
o .
—
—
(b]
(=
(e
o
=
>
e DQM 65280-
% 655|1\3/|5
— -Z H
.—
CNTR
o
=

—>

|, DQM 0-255 BEP

DQM 0-255 BER

—» DQM 256-511 BEP

DQM 256-511 BER

BEP Versus DQM

BEP

LR

DQM

0.5

1.00

0

le—01

1.11111e—01

5211

le—02

1.01010e—02

10898

1e—03

1.00100e—03

16381

le—04

1.00010e—04

21845

le—=05

1.00001e—05

27306

1e—06

1.00000e—06

32767

1e—07

1.00000e—07

38229

1e—08

1.00000e—08

43690

1e—09

1.00000e—09

49151

le—10

1.00000e—-10

54613

le—11

1.00000e—11

60074

le—12

1.00000e—12

65535

—» DQM 65280-65535 BEP

DQM 65280-65535 BER

More reasonable resolution

reduces measurement time
by =~ 256x




Ideal DQM distribution vs p

blocks of data are not guaranteed to occur so uniformly. Let
E be the number of bit errors in a block of n bits. For
a transmitted word of size n with independent bit errors,
the probability of having fewer than or equal to ¢ errors,
Pr(E = t) can be straightforwardly obtained from (6) as

t
- . mn L —
Example (AWGN) n=10000 PE<) =Y (f)aa-art o
i
1=0
. SOQPSK signal envelope with noise histogram of number of errors in DQE block vs theoretical DQE BEP Probability of Occurance
0.045
4 DOQE Measured BER
0.04 0.04 Theoretical 1
2
0.036 0.035 1
N @ ]
[} E 2 4
1 = & 003 ; oos X
L = 3 =
FI g o 0025 } 0.025 J
& k] 5
= £ 002 ¢ 002 1
TR
> [+ 3
P g 0015 o015 §
[ :
-2
0.005 0.005 1
3 L L | | L o -
0 2 4 6 3 10 12 ‘ 140 160 180 200 104 o o P
Time (samples) 10 Number of Errors in DQE block BEP
) SOQPSK signal envelope with noise o1 histogram of number of errors in DQE block vs theoretical DQE BEP Probability of Occurrence
# DOE Measured BER
Theoretical
o 2
! ° b} g 01 1
= =
D g B
= =]
FI = g 2 0.08 1
£ o S
@ ‘G =
I I & £ 20,06 1
E = 2
= o k]
o ¢ e g
o & 0.04 1
= 0.02 1
4 . . . . . . I I \ I | | | 0 |
1] 2 4 6 8 10 12 40 60 80 100 120 140 160 180 200 107 103 102 101
Time (samples) »10% Number of Errors in DQE block BEP

Distribution of ideal DQM values changes with p
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Ideal DQM distribution vs Block Size n
e Example: n=4096, p = 2e3
e As span increases, DQM distribution narrows

DQE Peak Normalized Distribution
T T T

| n,=1*4096

— Nn,=2*4096 7\
| n,=4*4096 |
— ng=8*4096 |
! 2

re
<= = =
E =3} (=]
T T

MNormalized Probability of Occurrence

=
38
T

=

1.5 2
BEP o

o
o
o

Distribution of ideal DQM values changes with block length n
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Measured example from Industry Day Testing
10/28/22

4 |ITC_5M_2022-301T16_05_35Z.ch10 B Eb/NO = 6dB
5 0 397 11.1 (AWGN sweep) 5-band 2225MHz TierD (MS) 5Mbps (high rate) Eh/NO = 2dB
] Eb/M0 = 10dB
Estimated BEP
DQAM Distribution (hins) DQM Correlation (bins)
a0
1 DQM Exponent - 10
2 i
3
o 4 o
i = 5 0 5
b = | r
— =7} 10 o 10
L s E =
@ - a
€ 7 =} m
2 0 -1 .
Ll -8 -
’ 1010
-0t
0
A1t . 10 1
- Estimated BEP 10" 1] 1 n-5 1 n"_'l 1 n-'l:l ,:l:l-fu 1 D:l
12 . . . . . . . _ . _
0 50 100 150 200 250 300 350 400 BEP (Derived from DCOM) BEP (Derived from DQM)

Relative Ch10 Time (Sec)

Time Domain DQM Distribution ~ DQM Correlation

Key Performance

, Plot!
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Effect of DQM “Averaging”

(Possibly using a parameter estimated at a rate much slower than DQE frames)

Measured DQM - AWGN Sweep Measured DQM Distribution (bins) - AWGN Sweep oMeasured DQM Correlation (bins) - AWGN Sweep
0 10
c) 4 108 4 Total Bits
c DQM Exponent t e
- — 2 _ p +  BitErs, 102
c) =) o o e G
10
cs -4 - ‘ID'd
e 5 o) a
L .. e i ? o
> [l g 104 { =
L 55 ¢
8 108
@) .g
Z -0 910
-1 - Measured DaM
12 10° Y 10712
50 100 150 200 250 300 350 400 10710 105 102 1010 105 100
Relative Ch10 Time (Sec) BEP (Derived from DQM) BEP (Derived from DQM)
DQM with Averaging DQM Distribution (bins) with Averaging @ DQM Correlation (bins) with averaging
0 10
1 108 % TotalBits
#  BitErrs BER
-2 DQM Exponent 4  BitEnms Est ’ 102
¢ Degrades
Do ™ : m e d
C - I ) L. 1 Q:’ a2 107 M LBD 0
=y 2 ¢ ! “ “Staircase
D : B % 3 * «
o o] ’ @ W
© i g % 7 4 efféct”
| - o -7 8 + + 3
q) Sl + = y
Qo ¢ ;
+
> (T i 10% +
<E Y— 0 @ 0
1 - Estimated DaM A % +
A2 10° 10712
50 100 150 200 250 300 350 400 10°10 10°5 109 10°10 1075 100
Relative Ch10 Time (Sec) BEP (Derived from DQM) BEP (Derived from DQM)

DQM averaging beyond one DQE packet degrades MLBD even in a static channel.
(Why? Result is based on a different DQM distribution than the MLBD is observing)
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DQM Accuracy Conclusions

a

a

Multiple receive channels can significantly improve the system BEP.

The DQE/DQM RCC IRIG standard supports optimal processing for multi-
channel telemetry reception.

Accurate DQM values are a vital ingredient in achieving good performance.
Common DQM estimation biases between receivers tend to cancel due to the
differential nature of the metric calculations.

Testing and verification methods are currently being developed to ensure
vendor compatibility and consistent performance.

It was shown that the performance degradation of the MLBD in error exponents is
bounded by the estimation error exponent in DQM regardless of p’s or N!

MLBD Loss DQM error
AP, < |Ap

Eexp

exp

Results from this paper can assist standards organizations in developing
meaningful DQM testing thresholds.
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Thank you ! Questions?

GOOD LUCK!

QuUASONIX



QuUASONIX

Backup Slides

27



" A
2015 Hill ITC Paper - DQE/DQM protocol

e Diversity can provide tremendous improvements in link
performance

e Problem: How to provide combiner with quality information
from multiple sites?

e Proposed a protocol to insert timely quality information
directly into the TM stream

. BEP Versus DOQM
Receiver Model (BSC) [ o DOM

- 0.5 1.00 0 -
1—p -7 le01 | 1.11111e-01 | 5211 Tteell
1e—02 | 1.01010e—02 | 10898
1e—03 | 1.00100e—03 | 16381
le—04 | 1.00010e—04 | 21845 16-bit |
1e—05 | 1.00001e—05 | 27306 Sync
1e—06 | 1.00000e—06 | 32767 Pattern
1—p 1e—07 | 1.00000e—07 | 38229
1e—08 | 1.00000e—08 | 43690

1e—09 | 1.00000e—09 | 49151 DQE Packet
1e—10 | 1.00000e—10 | 54613
le—11 | 1.00000e—11 | 60074
le—12 | 1.00000e—12 | 65535
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16-bit | N bits of payload data
DQOM (128 <N <16,536
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Bit Decision
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2015 ITC Rice/Perrins Paper - MLBD

e Analyzed the optimal bit detection strategy using multiple sources

e Proved that the transition probability p is a sufficient metric for optimum

detection performance.

e Derived MLBD detection rule and probability of error.

e BestITC paper of 2015

n
1=p
0 0
BSC 1 (p1)
T ] T .
1 A 1
l=p
Yn

BSC N (pn)

Pn

1 - p, 1 —pn
F=0 Z Ing( .L'j ) = Z log ( I )
neNT " neA
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Equal Channels (p;=p,=...=py)

transition probability p



" A
DQM Correlation Plot

(measured BER vs. estimated BEP)

e The y-axis is the measured BER for each point (labeled “BER”).
e The x-axis is the estimated BEP associated with each point (labeled “DQM BEP”)
e Ideal performance is when measured BER equals estimated BEP (blue line)

CH1l AWGN Step DOM Measurement, Mode 0 At 10 Mbps — O X

CH1l AWGN Step DQM Measurement, Mode 0 At 10 Mbps

B Key Performance
: | Plot!

Measured BER

le-12 1e-11 1e-10 1e-9 le-8 Te-7 le-6 1e-3 1e-4 le-3 Te-2 Te-1 le<0
QM BEP

Estimated DQM BEP
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" A
DQM Correlation Plot Representation

J\WGN Sweep DQM Correlation, PCMFM @ 10 Mbps &WGN Sweep DAQM Correlation, PCMFM @ 10 Mbps
10 g

0 g Lo
P y

W EmIE g S SARRTE R R U mE i i e
SN - : +  Measured BER vs BEP ‘ 4 Measured BERvsBEP | . /}rr

i ‘Q\\\ R R \deal BER vs BEP : ol BER ve BEP HHIEE

1072 b 2L i o 1020 T 4

o it B i
\\\\hh f’;//

404 bR Al AT

107

5 100 il : Gogoef - o A& -
10 L, 2 10 _ o

= BT g a i g s

W08 : T T 108 S R T T T T T T e T

Equivalent o S
Information el

10 102 10t 10% 10® 10™ 102 w02 10" 1% 1w0f 1w0* 10
BEP (Derived from DQM) BEP (Derived from DQM)

b

Representation used in the Conventional correlation plot with
paper — looks more like a positive slope that clearly indicates
traditional BER curve direct or inverse relationship
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"
MLBD Calculations

e Bit decision Is based on comparison of LR
sums of group that votes O B versus 1 B

Z log (1 ‘””) P Z log (1 ‘””) PrObability of Error

J ] ! ]
o P = I Assume x=0 [}
_ . w2 ys_probability 1x. >
Bit Decision BEB 0 0 0 (1—-p)(l—p2)(1—ps)=98891x 10" 207 0O [ |
_— ( III o F = A0 —3 N N
N=3  Pr Pz P R A SR -
(1 = p1)p2(1 — p3) = 9.8990 x 8 6
Example 104 1e-3 1e-2 BBl o 1 | & l*. —+:*m=}u><1tr“ 92 115 Jf
from paper: PR = Lats - '
]_ 1| . = i —f 2
4 3 2 11 0 0 p(l=p)(1—py)=9.8001x10 1.5 92 [
BRE ' 0 1 p(1—pa)py = 9.9900 x 107 69 138 ||
9.2 6.9 4.6 HEER ' 1 0 pipa(1—py) =9.9000 x 1078 46 161
l # BER 1 1 1 ppps=1.0000 x 10°° 00 207 |
] ] ] ]
9.2 < 115 P(E|0) = 9.9990 x 107°4+9.9900 x 10~7 +9.9000 x 10" 41.0000x 10~? = 1.1098 x 10~°
N P, =S Pl P(E) = 1.1098e-5
i€I+I
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MLBD calculation with p estimation error

Actual p,,p,,p;

/ Estimated P,,p,.Ps \

P1 P2 P3 A
le-4 1le-3 le-2 l log (512). tog (52).tog (52)
4
y1 Y2 ys probability z_\-” Z \
BEB 0 0 0 (1-p)(1—p2)(1—ps) =9.8801 x 107!
BEE © O 1 (1—p)(1—pa)ps = 9.9890 x 10~ T o (l —p) 3 log (1fﬁﬂ> 156 — Z Pli]
BEB 0o 1 0 (1-pi)pe(l —ps) =9.8990 x 10~* ot Pn neNa i Pn —
BED 0o 1 1 (1-p)peps = 9.9990 x 10°° o _ iely
BEE | 0 0 pi(l-p)(1—ps) = 98001 x 10 Weighting of sources is
I I I 1 0 1 p(1=py)ps=9.9900 x 10-7 based on estimated channel
HBEE @ ' 0 pipe(l —ps) =9.9000 x 10-% error probabilities from
BEB t 1t 1 pipeps = 10000 x 10°° \ receiver /

Probability of (y,Y,,Y3)
symbols are based on the
actual channel transition

probabilities

QuUASONIX

MLBD probability of error withp estimate

1— An 1as B Phias ~
g (£ Db ) 228, g (5,) - Log (pn)
ntbias

Systematic estimation bias offsets all terms
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Can this bound be shown to
apply for all N and p tuples?

e When all else fails, dig into the math...

e What does it take to degrade P(E)?

+ Answer: Adjust p, to flip the smallest positive M[i] negative

N=3, p; = 1074, py = 1073, p; = 102 | Ideal Metrics (p; ={10~*) | Estimated Metrics (p; ={ 10~
i |yl|y2|y3| ProbabilityP[i] | > | > M[i] Y M[i]
Ny Ny No Ny
00|00 9.8891 x 10! 207 | 0 -20.7 230 | 0 -23.0
1,001 9.9890 x 103 16.1 | 4.6 -11.5 184 | 4.6 -13.8
20110 9.8990 x 104 13.8 | 6.9 -6.9 16.1 | 6.9 9.2
3]0 (1 [ 1 ©9.9991 x10°% |[9.2 | 11.5 *2.3 11.51 | 11.50 -0.01
41 10] 0 9.8901x10°* [\UL5] _ﬂ] 2.3 L1, 11, 0.01 *
5011011 ] *99900x10"* | 6.9 |13.8 * 6.9 6.9 | 16.1 9.2 *
6/ 1 | 1[0 ]| #99000x10%* | 46 | 16.1 *11.5 46 | 184 13.8 *
7011 ] 1] *#1.0000x10%* | 0 |20.7 * 20.7 0 | 230 23.0 *
P[i]’s do not change due to estimation | P(E | 0)=1.1098 x{10 P(E | 0)=1.0000 x|10~*
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