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Begin with the end in mind? G gg;EE-TECEXPO

Total Cost of Ownership
OPEX over 15 years ™ CAPEX
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Overview '

DOCSIS 4.0 - A Key Ingredient of the 2030's Broadband Pie

1. Network Evolution: Drivers and Timing
a. Traffic Engineering and Quality of Experience
b. Some Potential Future Service Tier Use Cases

2. Network Evolution: Various Paths Considered
a. Possible Rollout Scenarios

3. Network Evolution: Total Cost of Ownership Compared
a. CAPEX and OPEX components of TCO
b. Sensitivity analysis

4. Will Network Capacity Gains Justify Various Upgrade Costs
a. Takeaways and Conclusion
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Bandwidth Demand
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Distribution of Monthly Usage by Hour and Direction

Total, upstream and downstream, traffic 5
generated by the average user in each hour 4.5

of the day for one complete billing cycle 4

during May 10th - June 30th, 2012. a5

3

Based on ~55,000 subscribers, from different gzs

markets 2

1.5

Average Bandwidth Demand per Subscriber, 1

at Peak Busy Period, is an important “traffic 0.5

engineering” parameter

I:IDownldad ........ ......... ........ ________

1 3 5 7 9 11 13 15 17 19| 21 23
Hour of Day

Reference:
“Usage-Based Pricing and Demand for Residential Broadband” Aviv Nevo, Northwestern
University and John L. Turner, Jonathan W. Williams of University of Georgia, Sep 2013



Broadband Subscriber Traffic Consumption - Tavg

DOWNSTREAM

Tavg @ Peak Busy
Period

DS Avg BW per
Subscriber

(2021 Avg = 3.13 MBPS,
3 yr Avg CAGR = 24.5%)

DS BW per Sub (Mbps)

(=Y

0.

9

2010 2012 2014 2016 2018 2020

i DS Average —#—MSOA —e—MSOB MSOC —8—MSOD

« DS Tavg grows 32.5% to 3.13 Mbps in 2021
— Fastest growing MSO (B) at 4.3 Mbps

» DS Tavg 3-yr CAGR eases to ~25% from ~30%
— MSOs’ 3-yr CAGRs range from ~16% to ~36%

UPSTREAM

Tavg @ Peak Busy
Period

US Avg BW per
Subscriber

(2021 Avg = 258 kbps,
3 yr Avg CAGR = 23.8%)
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US Avg BW per Sub (kbps)

500

400

300

200

100

2010 2012 2014 2016 2018 2020

[ US Average  —#8—MSOA —8—MS0B MS0C —8—MSOD

US Tavg jumps 57% to 258 Kbps in 2021

Large increase over 2020 from COVID-19 BW
Surge

Fastest growing MSO (B) hits ~420 Kbps,

= Double the US Tavg of the other 3 MSOs

US Tavg 3-yr CAGR grows ~24%

US 3-yr CAGR now very close to DS 3-yr CAGR
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DS:US Average BW Ratio Trends

DS:US BW Ratio Halts its climb

« Today, MSOs DS:US Avg BW Ratios in ] . _
10:1 to 1611 range DS:US Ratio (2021 Avg=12.1)

20

 Big US growth in 21 reduces DS:US
BW ratio from ~14:1 back down to
~12:1

15

10

DS:US Ratio

* |sthe DS:US Ratio leveling off?7?7?
* Implicationis that US growth will 5 .
match DS growth going forwardl! -

* Not clear yet how much of 2020 i
0

COVID BW changes will stick longer
term 2010 2012 2014 2016 2018 2020

B DS:USAvg —@—MSOA —@—MSOB MSOC —@—MSOD
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Future Downstream and Upstream Average Bandwidth

Usage Predictions

DS Tavg BW Trends Before & After COVID (Mbps) US Tavg BW Trends Before & After COVID (kbps)

as 3500
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2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035

B US Tavg Trend Before COVID w/ 20% CAGR (kbps)

m DS Tavg Trend Before COVID w/ 20% CAGR (Mbps)
m US Tave Trend After COVID w/ 20% CAGR (kbps) & Net 25% COVID Bump

| DS Tavg Trend After COVID w/ 20% CAGR (Mbps) & Net 12.5% COVID Bump
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One Popular Tmax Bandwidth Growth Prediction forthe

2020 Decade

Downstream & Upstream Tmax

Nielsen’'s “Slowed” Law Of Internet Bandwidth
(DS Tmax Growth Rate =15%/YEAR after 2020... US Tmax=25% of DS Tmax )

8-10 Gbps by 2033

100 Gbps ; H o 28 ;
i g= 29 s
10 Gbps = §: ! 0 Gbps
: vl o9 = : 2 Gbps
1 Gb : 2. % S’é i 1 Gbps i -5 Gbps
ps | | ; = : ' s
5 i == = 100 Mbps
100 Mbps | i £ ; =
: : = ! . 35 Mbps
e — 10 Mbps 10 Mbp . :
H ==y} ! . ! !
10 Mbps : =5 , : : S8 =
| =1 1 Mbps s " . == =
! = ! ! == =
1 Mbps ; = ! : &= ]
: : ! : = St
| 56 kbps 100 kbp 22 = o=
100 Kbps = ; : 2= =
£, DOWNSTREAM ! UPSTREAMZ = = i 2
= = 6 kbp : = = = wi =i
10 Kbps = 3 : o == : = +
| alin g = = o8 |
1 Kbps 300 bps £ E | =5 |
: % F' E o Era of
100 b 5 5 = DOCSIS 3.1
ps -
1982 1995 2002 2008 20132 2016 2023 2028 2033
L ]
Example

Window for “Seeding”
DOCSIS 4.0 Eqpt



4:1vs. 2:1DS:US Tmax Scenarios for 120 subs/SG
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2G x 500M, 4G x 1G, 8G x 2G Progression 2G x 16, 4G x 2G, 6G x 3G Progression

Yearly Spectrum Requirements - Yearly Spectrum Requirements -
8G x 2G in '33, 120 subs/SG 6G x 3G in '33, 120 subs/SG

2000 - 2000 -

__ 1600 - __ 1600 -
T T
2 2

e 1200 - e 1200 -
2 2

a2 800 - 2 800 -
v v

400 - 400 -

0 0 -

2021 2023 2025 2027 2029 2031 2033 2035 2021 2023 2025 2027 2029 2031 2033 2035
Year Year
mmm US BW Req'd mmm Guardband == DS BW Reqd = US BW Req'd mmm Guardband mmm DS BW Reqd
Total Plant Spectrum ——US Split Total Plant Spectrum ——US Split



4:1vs. 2:1DS:US Tmax Scenarios for 60 subs/SG

2G x 500M, 4G x 1G, 10G x 2G Progression
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2G x1G, 4G x 2G, 7.5G x 3.5G Progression

Spectrum (MHz)

2000 -

1600 -

1200 -

800 -

400 -

2021

Yearly Spectrum Requirements -
10G x 2G in '33, 60 subs/SG

2023 2025 2027 2029 2031 2033

Year

Im US BW Req'd mm Guardband
Total Plant Spectrum ——US Split

I DS BW Reqd

2035

Spectrum (MHz)

2000 -

1600 -

1200 -

800 -

400 -

2021

Yearly Spectrum Requirements -
7.5G x 3.5G in '33, 60 subs/SG

2023 2025 2027 2029 2031 2033 2035
Year

I US BW Req'd mm Guardband I DS BW Reqd
Total Plant Spectrum ——US Split
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=20 ’
if [ T
84 HP

Taps; #
RF amps; # 42

I Nodes; # 1
Hardline; miles 9.7
Fiber to the farthest tap; ft 7,000

= j
44 HP 405 HP

AMMMMRRRIE: saes) SUR
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N+5 node area converted to N+2 topology

Tap changes; # 0 15
RF amps; # 42 34
Nodes; # 1 8

New fib miles /% 0 1.9 /19%
**® % Ntolast sub; feet 7,000 2,430




N+5 node area converted to N+0 “fiber-deep” topoiogy

S SCTE.
=12 CABLE-TEC EXPO.
= ATLANTA, GA > OCTOBER 11-14

sandinncs

Tap changes; # 15 208
RF amps; # 34 0
Nodes; # 8 15

New fib miles /% 2/19% 6.5/67%
= ¢ v ** Ntolast sub; feet 2,430 1,500
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Network Evolution: Various Paths Considered

Network attribute changes with Legend: , ,
upgrading N+5 area to N+2 and N+0 Hardline coax -New Fiber New Coax
Topology:
HFC N+5
Number of
Standard Nodes 1 e = HFC N+2_
Number of RF 42 34 0
Amps HFC N+1
Number of tap
faceplate 0/286 15/286  208/286 FDN+O
changes
New-plant; 0 miles 1.9 miles 6.5 miles FTTLAN+0
miles
FTTT
New plant; % 0% 19% 67%
Fiber to the ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
farthest sub <7,000 ft  <2,500 ft <1,600 ft % 30% 40% 50% 60% 70% 80% 90% 100%




L. SCTE.
=8P CABLE-TEC EXPO.

= ATLANTA, GA > OCTOBER 11-14

FA!

Other Possible Future Evolution Path Directions

UsS BW
Augmentation

A
>684 MHz US

Traditional-FDX 300-684 MHz Ultra-Split
Dynamic Soft-FDX 300-684 MHz Ultra-Split

Static Soft-FDD 300-684 MHz Ultra-Split

204 MHz FDD High-Split DAA

85 MHz FDD Mid-Split )\

42/65 MHz FDD ( \

DOCSIS DOCSIS DOCSIS PON PON
CAA RPD RMD R-OLT Shelves MAC /PHY
>
750/870 MHz Placement
1.0 GHz
1.2 GHz
1.8 GHz
3.0 GHz

DS BW
Augmentation



Network Upgrade Scenarios Considered

S SCTE.
=12 CABLE-TEC EXPO.
= ATLANTA, GA > OCTOBER 11-14

Name | chiocure | doisG | oo | bofnodes | N | osaw
2

I-CCAP 2 ~480 Mid or high 1,218 MHz
|-CCAP 4 ~240 8 Mid or high 1,218 MHz
I-CCAP 4 ~240 15 Mid or high 1,218 MHz
DAA 4 ~240 15 108-684 1,218 MHz
DAA 2 ~480 2 108-396 1,218 MHz
DAA 2 ~480 2 396/492 UHS 1,794 MHz
DAA 4 ~240 8 396/492 UHS 1,794 MHz
m OLT in hub 15 64 N.A. N.A. N.A.

OLT in node 8 128 N.A. N.A. N.A.
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CAPEX Components

*0—0—0—*0—0—0—‘1?0—0—0—0

‘“Po—o—o
—-»0—0—0—0

> BT
E6000 I-CCAP N - > e -

EdgeQA < A Q.—v?—.—f,—.—.—.
sessssseE] e,
- tical |
i P - o=
888888888 TRy & Mux Sl
COO00000000
0000000000 } 'F".EOP,\‘I“’:I
OO0 0000000 iber Node
100G B 606060000000 8  Bridger Amps
CCAP vC 000000000 16 Line Extenders
~ 33333332 S AN .
{/B 06666666666 350 Homes Passed
100G
Video Core o e et

CAPEX = (1/HP) x Z(material & labor)



CAPEX for the nine upgrade paths
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= CMTS or OLT

¥ Field labor, incl. node

= Fiber, mat'l & labor

* Taps, mat'l & labor
* Drops, mat'l & labor

N CPE

CCAP N+5 CCAP N+2 CCAP N+0

FDX N+0

FDX-Lite N+5 ESD N+5 ESD N+2
NETWORK ARCHITECTURE (PON OPTIONS ARE GREENFIELD)

FiS‘I'

10G PON

2 CABLE-TEC EXPO.

10G R-PON




OPEX for the nine upgrade paths

$/HP, RELATIVE TO 10G R-PON CAPEX

CCAP N+5

CCAP N+2

OPEX over 15 years

CCAP N+0 FDX N+0 FDX-Lite N+5 ESD N+5
NETWORK ARCHITECTURE (PON OPTIONS ARE GREENFIELD)

* S50.12/kWh

* 0.2% - 5% HW/year
e ~1% coax/year

* ~1% drops/year

5%

4%

3%

2%

1%

0%

SCTE.
allelEmmde

® Drops Maintenance
= Coax/Fiber Maintenance
Field Actives Maintenance

= Power Consumption

ESD N+2 10G PON 10G R-PON

RF amps % fail

01 2 3 45 6 7 8 910111213 1415
Year



Monte-Carlo variability and sensitivity analysis

CAPEX; 10G R-PON

100,000 Displayed

100,000 Trials Frequency View
10G R-PON CAPEX .....

0.03 -
2002
E
@
0
o
o

0.01 -

Mean = 105.8%
70.0% 80.0% 90.0% 100.0% 110.0% 120.0% 130.0% 140.0% 150.0%
% of 10G R-PON CAPEX
b 86.9% Certainty: 95.000 % 4 126.5%

3,300

3,000

2,700

2,400

SCTE.
CABLE-TEC EXPO.

ATLANTA, GA > OCTOBER 11-14

10G R-PON CAPEX
60.0% 80.0%

100.0% 120.0% 140.0%

Plant, % of underground: 40%

Fiber, Material&Labor, Aerial,
S/ft:

$4.00

$1.50 I

Homes passed per parent node:

1,100.00 . 700.00

H Upside m Downside
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Monte-Carlo variability and sensitivity analysis

ESD N+5 CAPEX

CAPEX: ESD N+5 12.0% 14.0% 16.0% 18.0% 20.0% 22.0% 24.0%
LS fii debs il b i Homes passed per parent node: | 1,100.00 - 700.00
ESD N+5 CAPEX _
3,300
0.03 3,000
2700
2400 # of 2-output bridger amps: 8.00 il 16.00
2002 [REO 3
E 1,800'%
DE. 1,5005
1.200
001 L 000 ESD HW addition factor: 20% il 60%
_ 600
| 300
0.00 —m-"”H , | hmh‘r-mm_ : .
13.0% 14 0% 15.0% 16.0% 17.0% 18.0% 19.0% 200% 21.0% 220% 23.0%
% otIUO RN CATEX # of 1-output Line Extenders: 25.00 il 35.00
P 15.0% Certainty: 95,000 % 4 19.8%

Labor to replace a complete
p. P $150 $250
bridger:

H Upside m Downside



PON average OPEX
2.0% 3.0% 4.0% 5.0% 6.0% 7.0%

Monte-Carlo variability and sensitivity analysis

reduction factor if new plant: 20% -- 50%

Old Coax/fiber replacement %

0 P EX, PO N ber year: 0.5% -. 1.5%

100,000 Trials Frequency View 99,995 Displayed Plant, % of underground: 0% -. 40%
PON average OPEX
3,300
Drops replacement % per year: 0.5% -. 1.5%
0.03 - + 3,000
2,700
Homes passed per parent
1,100.00 700.00
2,400 node: l-
2,100
2 002- ] %‘
o 1,800 2 Discount rate/yr for TVM/NPV 7% .- 3%
@ ' =
S :
1,500
o 2
1.200 Fiber, Material&Labor, Aerial, $1.50 I. $4.00
0.01 S/ft
a00
600
Reduction factor if fiber deep: 35% il 65%
300
0.00 _.._c—lﬂ . / m_iﬂ—nm_,.— ' 0
2.0% 4.0% 5.0% 6.0% 7.0% 8.0% 9.0%
% of 10G R-PON CAPEX NPV(field actives 15 yr fail) % 8.00% Il 14.00%
P31% Certainty: 95.000 % 4 64%
Power cost per kWh: $0.09 || $0.15

H Upside m Downside



HFC average OPEX
10.0% 12.0% 14.0% 16.0% 18.0% 20.0%

Monte-Carlo variability and sensitivity analysis

Homes passed per parent

1,100.00 ._ 700.00
node:

OPEX; HFC METHODS ON AVERAGE e oo [

Plant, % of underground: 0% -- 40%

100,000 Trials Frequency View 99,994 Displayed
HFC average OPEX Old Coax/fiber replacement %
. 0.5% -- 1.5%
3,300 peryear:
0.03 3,000
Discount rate/yr for TVM/NPV b - b
2,700 fy / ™ - 3%
2,400
Power cost per kWh: 0.09 . 0.15
- 2100 o P 30.09 iy 5
=002 — - 2
= 1,800 2
_E g Fiber, Material&Labor, Aerial, $1.50 $4.00
& 1,500 2 $/ft: ' I. )
1,200
0.01 - 900 # of 2-output bridger amps: 8.00 II 16.00
Mean = 14.7%
600
—” 300 # of 1-output Line Extenders: 25.00 .I 35.00
0.00 - 0
10.0%
% of 10G R-PON CAPEX NPV (field actives 15 yr fail) % 8.00% II 14.00%
P 11.2% Certainty: |95.000 % 4 19.1%
reduction factor if new plant: 20% ll 50%

H Upside m Downside
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Monte-Carlo variability and sensitivity analysis

TCO; ESD N+5

ESD N+5 CAPEX ESD N+5 OPEX

ESD N+5 TCO

Mean = 15.4%
Base Case = 14.5%

Mean = 17.0%
Base Case = 16.5%

Mean = 32.4%
Base Case =31.0%

170%  180%  19.0% 30.0% ‘00%
% of 10G R-PON CAPEX % of 10G R-PON CAPEX % of 10G R-PON CAPEX

14.0% 15.0% 16.0%




ESD N+5 TCO
20.0% 25.0% 30.0% 35.0% 40.0% 45.0%

Monte-Carlo variability and sensitivity analysis

Homes passed per parent node: 1,100.00 -— 700.00

Old Coax/fiber replacement % per . A
year: 0.5% -. 1.5%
TCO; ESD N+5
Plant, % of underground: 0% -. 40%
100,000 Trials Frequency View 99,998 Displayed
ESD N+5 TCO Drops replacement % per year: 0.5% -. 1.5%
3,300
0.03 3,000 Discount rate/yr for TVM/NPV 7% .- 3%
2,700
2,400 .
# of 2-output bridger amps: 8.00 .l 16.00
= 2100
£ 002 o
= 1,800 2
o 2 Fiber, Material&Labor, Aerial, $/ft: $1.50 '. $4.00
DE. 1500 9
1,200
0.01 :
900 Power cost per kWh: $0.09 .I $0.15
Base Case = 31.0% 600
300 # of 1-output Line Extenders: 25.00 .I 35.00
0.00 2 _,..—rriﬂ[l-[ | I 1 e 0
20.0% 30.0% 40.0%
% of 10G R-PON CAPEX ESD HW addition factor: 20% II 60%
’ 27.3% Car[aimy: 95.000 % ‘ 38.9%
Labor to replace a complete bridger: $150 || $250
NPV(field actives 15 yr fail) % 8.00% | 14.00%

H Upside m Downside



Total cost of ownership (TCO = CAPEX + OPEX) o ?;EEEE-TECEXPO

Total Cost of Ownership
OPEX over 15 years ™ CAPEX
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CCAP N+5 CCAP N+2 CCAP N+ FDX N+0 FDX-Lite N+5 ESD N+5 ESD N+2 10G PON 10G R-PON

NETWORK ARCHITECTURE (PON OPTIONS ARE GREENFIELD)




Maximum rates enabled for the nine upgrade paths (S:EEEE-TECEXPO,

Mid-Split; Tmax_max = (C - Nsub * Tavg) / K

* Tmax2036 DS 2036 Enabled Downstream Top Tier Rates

0
9
28
& 7
O 6
a 5
§4
23
= 2
1
0

Starting Point CCAP N+5 CCAP N+2 CCAP N+0 FDX N+0 FDX-Lite N+5 ESD N+5 ESD N+2 10G PON 10G R-PON

® Tmax2036 US 2036 Enabled Upstream Top Tier Rates

Starting Point CCAP N+5 CCAP N+2 CCAP N+0 FDX N+0 FDX-Lite N+5 ESD N+5 ESD N+2 10G PON 10G R-PON

TMAX US GBPS
FOoORNWRUO~NOW0WOO




Maximum rates enabled for the nine upgrade paths (S:EEEE-TECEXPO,

High-Split; Tmax_max = (C - Nsub * Tavg) / K

* Tmax2036 DS 2036 Enabled Downstream Top Tier Rates

0
9
28
& 7
O 6
a 5
§4
23
= 2
1
0

Starting Point CCAP N+5 CCAP N+2 CCAP N+0 FDX N+0 FDX-Lite N+5 ESD N+5 ESD N+2 10G PON 10G R-PON

® Tmax2036 US 2036 Enabled Upstream Top Tier Rates

Starting Point CCAP N+5 CCAP N+2 CCAP N+0 FDX N+0 FDX-Lite N+5 ESD N+5 ESD N+2 10G PON 10G R-PON

TMAX US GBPS
ORNWAUONXWO




Total cost of ownership and what it buys

SCTE.
CABLE-TEC EXPO.

Starting Point CCAP N+5

CCAP N+2 CCAP N+0 FDX N+0 FDX-Lite N+5 ESD N+5

ESD N+2

10G PON

0
o * Tmax2036 DS 2036 Enabled Downstream Top Tier Rates
w 8 by —
& 7 — —
Q0 6 .
a s
x 4
s 3 —
=2
1
0
StartingPoint  CCAP N+5 CCAP N42 CCAP N+0 FDX N+0 FDX-Lite N45 ESD N45 ESD N+2 10G PON 10G R-PON
. 10
110% LG (B el il 9 = Tmax2036 US 2036 Enabled Upstream Top Tier Rates
OPEX over 15 years = CAPEX 8
§ 7
6
o
g % 5
g 4
z g
: i -
; - .
S
e 1 StartingPoint  CCAP N45 CCAP N42 CCAP N+0 FDX N40 FDX-Lite N45 ESD N4+5 ESD N+2 10G PON 106 R-PON
"
g
3
B2
o
= 10 ]
2 * Tmax2036 DS 2036 Enabled Downstream Top Tier Rates
w 8
& 7
G 6 — — —
a8 s
x 4
s 3 _—
2
CCAP N+5 CCAP N+2 CCAP N+0O FDX N+0 FDX-Lite N+5 ESD N+5 ESD N+2 10G PON 10G R-PON é
AT T (7R R TR StartingPoint  CCAP N¢5 CCAP N+2 CCAP N+0 FDX N+0 FDX-Lite N5 ESD N+5 ESD N+2 10G PON 10G R-PON
0
s = Tmax2036 US 2036 Enabled Upstream Top Tier Rates
8
w
g 7
T
g s
x 4
< 3
i N
1
- oy - | - -

10G R-PON
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The way of nbn™

Overall cost ~ x5-6 of DAA

1J|||'Eth - l;fsth ' o
cost of full
fibre

HFC 2L =D

DAA & DOCSIS 4.0 FTTP

2025 2030 4 2031 203- 2040 ] 2041 2050

¢ 1Gbps/50Mbps 2Gbps/100Mbps

Dominant peak speed tiers
2021: 2025:

1G/50Mbps 2G/100Mbps -
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Takeaways and Conclusions |

FTTP or DOCSIS or both?
Fiber all the way day one? If DOCSIS, D3.10or D4.0?
« |f greenfield - definite YES For markets where HFC network already
« CAPEX on par; OPEX 3x lower for exist:
FTTP . D31 will provide good ROl into the late
« Comes down to the operations folks 2020s and early 2030s- enabling Gigabit
to implement new fiber-only rates - even in upstream if high-split
Processes « D4.0 coupled with DAA will enable even
« QOtherwise, if: higher data rates, into the late 2030s
 # of plant miles per node lower and beyond
« # of HP/node higher « Each D4.0 technology (FDX and ESD)
. $/foot for fiber construction lower come with its unique set of strengths

+ Can leverage the existing fiber routes and weaknesses

 (Can leverage innovative approaches
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