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1 Introduction
1.1

Overview

The use of commercial cellular networks – e.g. 4G LTE – is currently the most prevalent method of
delivering Internet connectivity to public transportation vehicles1. They have been used to support
passenger Wi-Fi on California Intercity Passenger Rail (IPR) trains in California since 2011, and it is likely
that cellular networks will be the primary means by which California IPR trains will connect to the Internet in
the future. The success of utilizing commercial networks for this purpose is determined by conducting
surveys of the availability and performance of cellular data connections along California IPR routes
throughout the state. The results of the surveys indicate whether sufficient 4G LTE capacity is available to
provide a Wi-Fi service of sufficient quality and reliability as to be useful to passengers. It also helps to
determine which combination of cellular providers is most suitable for delivering the greatest and most
reliable backhaul capacity to trains.
The surveys on California IPR routes were conducted during the week commencing May 23, 2018 at
various times of day including peak and off-peak periods. It should be noted that MNO network conditions
can and will change over time, and the surveys presented in this report are a snapshot in time. However, as
they were conducted at different times of day over several days, and over almost all of California IPR’s
operational footprint2, there is a reasonable assumption that they provide a fair reflection of normal network
conditions.

1.2

Objectives

The key objectives of the cellular surveys were to:
§

Perform a contiguous network test along selected routes to establish network characteristics of the four
major US carriers: Verizon, AT&T, T-Mobile and Sprint;

§

Measure cellular data network quality based on availability; signal strength (measured in decibelmilliwatts or dBm), latency (in milliseconds), packet loss and jitter; and performance based on
measurable throughput in the downlink and uplink (in megabits per second) for all networks;

§

Provide conclusions and opinion on the use of these networks to provide the best possible cellular data
connectivity to trains.

1.3

Rationale

California IPR trains in California operate in urban, rural and remote areas of the state, and pass through
places where cellular data connectivity is challenging. While mobile users in United States have access to
4G LTE coverage over 90% of the time, the U.S. has some of the poorest-performing 4G networks in the

1

Xentrans survey of U.S. Transit Operators with Wi-Fi deployments (October 2017), with additional industry research.

2

The San Joaquin route between Stockton and Oakland was not surveyed for this report due to time constraints.
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world, ranking 62nd globally in terms of network speed – behind Peru, Qatar and Albania3 – with an average
download speed of just 16.31 Mbps, slower than Mexico and half that of Canada. Cellular surveys are
therefore crucial to determine whether the coverage and measured throughput meets or exceeds
expectations for the provision of on-board Wi-Fi service.

1.4

Process & Metrics

Surveys were performed along Capitol Corridor, San Joaquin and Pacific Surfliner routes. Data was
collected using the Nubolabs Survey tool that simultaneously collects location-specific carrier network
metrics and measures data performance for uplink and downlink. Running on a series of synchronized
smartphones with a cloud-based analytics platform, the application delivers real-world results that
accurately reflect the connectivity that an in-vehicle mobile cellular router might achieve without the use of
external antennas. Nubolabs Survey recorded key metrics for cellular networks, as well as GPS location,
during the trips made on California IPR trains. The system sampled the networks every second for the
following:
§

Signal strength (RSRP4 expressed in dBm where < -80 is excellent, -80 to -90 good, -90 to -100
average, > -100 poor)

§

Availability of data connectivity

§

Connected Base Station ID

§

WAN IP address

§

GPS – Latitude, longitude, altitude, speed, heading, accuracy in meters

§

Date and time of sample

The following metrics were sampled every minute:
§

Latency (round trip ping time) in milliseconds

§

Packet Loss5

§

Jitter6

Lastly network throughput speed tests were conducted every five minutes to record the following metrics:
§

Downlink7 speed in Mbps

3

OpenSignal, The State of LTE (February 2018) http://bit.ly/2rxrwbW

4

Reference Signal Received Power (RSRP) is a measurement of the received power level in an LTE cell network.

5

When one or more packets of data travelling across the cellular network fails to reach a remote testing server.

6

The variation in packet latency measured over time between a smartphone and a remote server.

7

The inbound connection over the Internet between a remote server and the smartphone.
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§

Uplink8 speed in Mbps

The cellular survey was conducted using Android smartphones to connect to the carrier networks and
gather metrics, using built-in antennas on the phones. An actual mobile router installation for connectivity on
a vehicle would use roof-mounted antennas that have higher gain, balanced MIMO configuration and better
visibility of nearby cell towers, and as such would be expected to deliver improved results in terms of signal
reception and data throughput.

1.5

Routes Surveyed & Detailed Results

The following table indicates the routes surveyed and the dates on which the surveys occurred. The URLs
below each route link to the online survey results for each trip, providing detailed metrics and comparative
analysis, and upon which this report is based.
Date

Route Surveyed

April 24, 2018

Capitol Corridor Service 528 San Jose to Oakland (SJC>OKJ)
https://survey.nubo.io/s/Jn2MO9y82qgn5KaMXhuoTQ
Capitol Corridor Service 536 Oakland to Auburn (OKJ>ARN)
https://survey.nubo.io/s/wR6PU11zCixC7vXvlW0TcQ

April 25, 2018

San Joaquin Service 702 Sacramento to Bakersfield (SAC>BFD)
https://survey.nubo.io/s/RZUUQFbyI5Ty83uLypBcSw

April 26, 2018

Pacific Surfliner Service 774 San Luis Obispo to Los Angeles (SLO>LA)
https://survey.nubo.io/s/BBHEOpRJRnwp8SxSmBbd-Q
Pacific Surfliner Service 774 Los Angeles to San Diego (LA>SAN)
https://survey.nubo.io/s/96cvj6qAPuBcXcZ25FMmrg

8

The outbound connection over the Internet between the smartphone and a remote server.
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2 Cellular Survey Results
2.1

Capitol Corridor – Key Findings

The full 168-mile length of the Capitol Corridor route was surveyed between San Jose and Auburn, broken
into two trips. Based on the averages of recorded metrics, the surveys found that:
§

4G LTE connectivity is available for more than 96% of the time for Verizon, T-Mobile and AT&T, with
Sprint trailing at 84.5%;

§

T-Mobile provided the best average downlink speed, and lowest latency, with Verizon placed second
although the difference between Verizon and AT&T was negligible. The average downlink across the
top three performers was 15.84 Mbps, while uplink was equitable between the top three with an
average of 9.31 Mbps.

§

Placed last, Sprint performed poorly in terms of signal, downlink, uplink, and latency.

Figure 1 – Capitol Corridor Cellular Survey Results

The graph in Figure 1 shows the uplink and downlink speeds of each carrier from the survey conducted,
with the average downlink of the top three performers shown by the vertical blue dotted line. The table
shows the averages of all key metrics recorded, with the best and worst performers indicated in green and
red respectively.
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2.1.2.1

Signal & LTE Availability

Cellular network signal strengths were consistently measured in the -90 to -99 dBm range (considered
average) along the entire route, with the exception of Sprint which performed worse than its competitors.
Coverage proved adequate to deliver good quality data availability in 4G LTE mode for the top three
carriers. There are no obvious areas where network coverage presents a significant issue for all carriers
simultaneously with the exception of a short distance around Hercules, between Pinole Point and the
Carquinez Bridge where signal is challenging, and data throughput rates drop for around ten minutes of
travel time.
2.1.2.2

Downlink

Downlink speed is important for on-board Wi-Fi service, as it is the headline statistic for a Wi-Fi user
engaged in normal ‘pull’ activity, such as email, web browsing, and social media. T-Mobile performed best
for downlink with an average of 19.32 Mbps, with Verizon close behind at 14.42 Mbps. A peak T-Mobile
downlink speed in excess of 77 Mbps was observed outside Fremont, the fastest measurement made
during the route. Average downlink across all carriers was over 14 Mbps for 34% of the time.

Figure 2 – CC 528 Downlink Performance over Distance

Figures 2 and 3 show the downlink performance between San Jose and Oakland, and Oakland and Auburn
respectively. The dotted blue line indicates the walking average of all downlink measurements, while key
stations are indicated on the horizontal axis.
In Figure 3 note the drop in throughput to an average of just 1.2 Mbps across all carriers, north of Fairfield
and south of Dixon. This is likely due to a scarcity of cellular base stations along the stretch of track
between Vacaville and Davis.

Capitol Corridor Joint Powers Authority – Proprietary & Confidential – For Internal Use Only

Page 7 of 17

Figure 3 – CC 536 Downlink Performance over Distance

2.1.2.3

Uplink

Uplink speed determines the performance of ‘push’ activities such as sending emails and attachments,
uploading content to social media, and in the case of operations applications, in-bound access to on-board
systems. The top three carriers performed similarly with an average of 9.31 Mbps between them.
2.1.2.4

Latency

Downlink is an important metric for understanding the perceived speed of an Internet connection as it
determines response time; this is noticeable in real-time applications such as voice-over-IP. An assessment
of latency across 4G LTE networks in the U.S.9 suggested a national average of 65 milliseconds (ms). In
the Capitol Corridor operational area, T-Mobile scored the best average latency at 131ms., with Verizon and
AT&T very close behind. These values are not outside expected norms given the route traverses rural
areas, and close enough together not to provide issues with a link aggregation solution where wide
variations in latency can affect solution backhaul performance.

As a result of the surveys conducted on Capitol Corridor route, the following conclusions are offered:
§

T-Mobile achieved highest scores and overall was the best network assessed, with Verizon and AT&T
on par with each other.

§

Despite the fact that network conditions can and will change over time, Sprint performed consistently
below the other networks, and is not recommended for use at this time;

§

For optimal connectivity, multiple carriers should be combined to provide maximum capacity in
downlink and uplink, but those carriers should have similar quality characteristics such as low latency

9

OpenSignal, January 2018 http://bit.ly/2ruAfM2
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so that they work well together. The Wi-Fi user experience will need to be effectively managed to
ensure fair and equitable distribution of the available backhaul capacity between all users.
§

2.2

It is recommended that a minimum combination of two modems each from T-Mobile and AT&T
respectively be used to provide cellular backhaul per Capitol Corridor train set, as they provide the
highest downlink and uplink capacity with lowest latency of the four networks tested. However, the
solution should also utilize at least one Verizon modem as a third network to use for load-balancing and
redundancy. As Capitol Corridor and San Joaquin fleets are shared, the number of modems and
mixture of SIMs should be identical on both fleets.

San Joaquin – Key Findings

The full 282-mile length of the San Joaquin route was surveyed between Sacramento and Bakersfield, in a
single contiguous trip. Based on the averages of recorded metrics, the surveys found that:
§

4G LTE connectivity is available for 100% of the time for Verizon and AT&T; 85% on T-Mobile (with the
remainder on HSPA); and Sprint trailing at just 69%;

§

Verizon provided the best average downlink speed, and lowest latency, with T-Mobile placed second.
The average downlink across the top three performers was 15.63 Mbps, while uplink was equitable
between the top three with an average of 7.80 Mbps.

§

Placed last, Sprint performed poorly in terms of signal, downlink, uplink, and latency.

Figure 4 – San Joaquin Cellular Survey Results
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The graph in Figure 4 shows the uplink and downlink speeds of each carrier from the survey conducted,
with the average downlink of the top three performers shown by the blue dotted line. The table shows the
averages of all key metrics recorded, with the best and worst performers indicated in green and red
respectively. The key metrics for San Joaquin are similar to those of the Capitol Corridor, although LTE
availability and latency are slightly poorer, particularly in the area between Fresno and Corcoran.

2.2.2.1

Signal & LTE Availability

While signal averages were better than -99 dBm for all networks, they suffered in the more rural areas
between major towns; this is reflected in the throughput metrics. Nevertheless, the top two performing
networks retained 100% LTE connectivity, with T-Mobile maintaining a mix of LTE and HSPA/HSPA+ to
score high average downlink and uplink metrics.
2.2.2.2

Downlink

Verizon delivered the best downlink performance with an average of 17.81 Mbps, with T-Mobile close in
second at 16.08 Mbps. However, as Figure 5 indicates, the averages were high around major towns such
as Sacramento and Modesto but dropped significantly in the rural spaces between. Verizon sustained
downlink above 15 Mbps for over 50% of the time but dropped below 5 Mbps for almost 20% of the trip. TMobile was below 5 Mbps for more than 40% of the time but excelled in more urban areas with a peak of 87
Mbps observed near Elk Grove. T-Mobile switched from LTE to HSPA outside Chowchilla and did not
exceed 5 Mbps until approaching Wasco. AT&T dropped below 5 Mbps for 29% of the time but performed
better in places where T-Mobile did not. This emphasizes the need for a good mix of carriers to load
balance where individual network performance varies.

Figure 5 – San Joaquin Downlink Performance over Distance
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2.2.2.3

Uplink

Although T-Mobile had the best average uplink at 7.93 Mbps, Verizon was the most consistently wellperforming with 50% of the journey over 8 Mbps while AT&T achieved 47% and T-Mobile achieved 41%.
Across all carriers, 14% of the journey obtained under 3 Mbps in uplink.
2.2.2.4

Latency

The average latency across all four carriers was 161 ms, with Sprint falling behind at over 200 ms. Despite
the slightly higher latency compared to the Capitol Corridor route, packet loss was virtually zero for Verizon,
AT&T and T-Mobile over the whole journey.

For the San Joaquin route, the following conclusions are offered:
§

Verizon achieved the highest quality and performance scores with T-Mobile and AT&T nearly matching
each other in terms of downlink and uplink speeds, and latency.

§

Sprint performed consistently below the other networks. It is not recommended to use Sprint as a
carrier for connectivity on California IPR trains;

§

A same combination of Verizon, AT&T and T-Mobile for Capitol Corridor is also recommended for San
Joaquin routes. AT&T and T-Mobile compensated well for each other when one of them
underperformed. There are areas along the route where either AT&T or Verizon are the single
dominant carrier and neither should be removed completely from any carrier selection.

2.3

Pacific Surfliner – Key Findings

The full 350-mile length of the Pacific Surfliner route was surveyed between San Luis Obispo and Los
Angeles, and Los Angeles to San Diego in two separate surveys. Based on the averages of recorded
metrics, the survey found that:
§

For approximately 15% – or approximately 53 minutes – of the journey between SLO and LA there is
little or no data connectivity to the train on any network. This area of outage stretches between just
south of Santa Maria to Gaviota State Park west of Goleta.

§

Verizon offered the best downlink, uplink and latency the length of the route. T-Mobile placed second
for downlink and AT&T for uplink.

§

The average downlink across the top three performers was 10.25 Mbps, while uplink was equitable
between the top three with an average of 5.45 Mbps. Despite LA to SAN being predominantly urban,
carrier network performance is sluggish, with only 22% of the leg exceeding an average of 14 Mbps
downlink across all carriers.
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Figure 6 – Pacific Surfliner Cellular Survey Results

2.3.2.1

Signal & LTE Availability

With the exception of the poor coverage area west of Santa Barbara, the Pacific Surfliner route is fairly
consistent in terms of signal coverage and LTE availability. Overall Verizon provides the best percentage of
4G availability with 87%, while AT&T and T-Mobile are similar in the low 70% range.
2.3.2.2

Downlink

Verizon performed well across the board, with an average 12.09 Mbps downlink and a peak of 64 Mbps
outside Carpinteria, the highest recorded on the trip. T-Mobile was placed second at 10.82 Mbps well
ahead of AT&T.
Figures 7 and 8 show the downlink performance between San Luis Obispo and Los Angeles, and Los
Angeles and San Diego respectively. The dotted blue line indicates the walking average of all downlink
measurements, while key stations are indicated on the horizontal axis.
The connectivity issues are clearly visible in Figure 7, south of San Luis Obispo and west of Goleta. South
of Los Angeles, there are some areas of poor downlink across all carriers south of Dana Point and
approaching Camp Pendleton, and again west of Miramar Marine Corps Air Station at Golden Triangle. In
both cases, the train is traveling in an area with few cellular base stations and some geographical
obstructions.
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Figure 7 – PS 774 (SLO>LA) Downlink Performance over Distance

Figure 8 – PS 774 (LA>SD) Downlink Performance over Distance

2.3.2.3

Uplink

Verizon placed first for uplink at 5.79 Mbps, with AT&T a close second with 5.70 Mbps. All three top
performers are within a narrow competitive range.
2.3.2.4

Latency

The average latency between Sprint, Verizon and AT&T 172 ms. Although T-Mobile was the laggard at
over 240 ms. average this is did not appear to affect overall performance adversely. Figure 9 illustrates the
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significant packet loss and network dropout in the zone around Vandenberg AFB south of Santa Maria. For
the rest of the trip average packet loss was under 2%.

Figure 9 – Pacific Surfliner Quality Metrics

As a result of the survey conducted on the Pacific Surfliner, the following conclusions are offered:
§

Verizon achieved the highest performance scores with T-Mobile in second on downlink and LTE
availability.

§

The Pacific Surfliner route would most likely work well with the same combination of carriers and
number of modems as Capitol Corridor and San Joaquin; there are no significant network differences
to consider otherwise. Where MNO performance in Southern California differs from that in Northern
California, it is possible to prioritize carrier use in favor of one where it is shown technically or
commercially favorable to do so.

§

The gap in coverage lasting approximately one hour is unavoidable, as all commercial networks are
affected. As there is a major military installation in this area, it is unlikely that any other type of network
(e.g. private train-to-ground) would be a viable technical or commercial proposition.

2.4

General Observations & Recommendations

The findings of the California IPR California surveys that Verizon is the best performing network with TMobile and AT&T following closely. This conclusion is shared10 by network testing specialist OpenSignal,
who found that Verizon was the best for downlink in the San Francisco-Oakland-Hayward area; in the San
Diego-Carlsbad area; and in the Los Angeles-Long Beach-Anaheim area.

10

OpenSignal ‘State of Mobile Networks: USA’, January 2018 http://bit.ly/2ruAfM2
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OpenSignal’s nationwide results were based on almost 6 billion measurements on over 237,000 test
devices. It found T-Mobile to be the best network nationwide for downlink and 4G availability, with Verizon
placed second.

Figure 10 – OpenSignal Network Rankings Nationwide (January 2018)

The California IPR cellular surveys were conducted using handheld smartphones to best reflect the enduser experience. However professional mobile router installation on vehicles will utilize external, roofmounted antennas for better RF performance. It is also recommended that vehicle antennas be installed to
work in Multiple In Multiple Out (MIMO11) configuration (i.e. at least two antenna elements per cellular
modem) for best possible RF performance on 4G LTE networks, in preference to Single In Single Out
(SISO) where the transmitting/receiving modem uses a single antenna.

The next generation of LTE networks – commonly referred to as ‘5G’ – are likely to go into widespread
commercial service in the United States by 202012. The ability of a mobile cellular router (of the kind
typically installed on vehicles) to support different types of LTE networks is generally determined by the
modem inside the router. For example, Category 3 LTE modems support downlink speeds of up to 100
Mbps and uplink speeds of up to 50Mbps; Category 6 LTE modems 300 Mbps and 50 Mbps; and Category
11 modems support downlink speeds of up to 600 Mbps. Category 12 modems support LTE Advanced Pro
technologies such as carrier aggregation, and represents the last series of 4G-compliant modems before
the switch to 5G.
On-board cellular router solutions selected for use on California IPR trains should be modular to extent that
they are supplied with the latest LTE Category modems, and that future cellular technologies (such as 5G)
can be accommodated when modems become commercially available. Routers should be capable of infield ‘plug and play’ upgrade with minimal downtime or interruption of service, and without requiring whole-

11

https://en.wikipedia.org/wiki/MIMO

12

Wired, ‘What Is 5G, and When Do I Get It?’, February 2017 http://bit.ly/2xZAZ1Z
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unit replacement. It is also recommended that a router should be capable of accommodating the latest
modem form factors to ensure compatibility with the widest choice of devices.
It should be noted that 5G will be heavily marketed by US carriers, with promises of faster speeds and
greater coverage. While there is no doubt that the underlying technology of 5G is capable of significant
improvements in both, there are no guarantees that US carriers will provision their networks to take full
advantage of these capabilities. 4G LTE is capable of very fast downloads, with peak real-world speeds in
some countries well exceeding 100 Mbps. However, the US globally ranks very low in terms of 4G
performance, due partially to spectrum constraints13. These constraints may lead US carriers to focus on
better LTE coverage – or ‘densification’ – particularly indoors, rather than an immediate boost on
performance in open outdoor areas including where California IPR trains operate.

As consumer demand for LTE increases in the California IPR operational area and network traffic on
cellular base stations worsens due to increased contention, throughput performance may degrade on all
commercial LTE networks. This can be partially mitigated by adequate provision of multiple cellular links per
vehicle, using techniques such as load balancing and link aggregation, to provide sufficient backhaul
capacity to meet passenger and operational demand. Wi-Fi traffic shaping, dynamic bandwidth allocation
and metered data use will further enhance on-board network performance.
Based on the survey findings, it is recommended that a minimum of six (6) modems be utilized, two each
for Verizon, T-Mobile and AT&T respectively. This mixture should be applicable for all three California fleets,
and provide the most flexibility in terms of coverage and performance, with carrier redundancy in areas
where individual network quality fluctuates. As the existing Wi-Fi solution on all California trains has eight
modem slots each supporting one SIM, it is possible to use eight SIMs with a carrier combination most
suitable for network conditions. A separate technical proposal will be submitted to CCJPA with the final
modem/carrier mix recommendation and projected monthly commercial costs based on the Caltrans
subscription quotation.
It is recommended that one train from each fleet is upgraded to this new cellular configuration, to test the
updated carrier configuration and achievable aggregated throughput in the respective operational areas.
The results of this backhaul capacity testing will help determine the optimal business rules (e.g. per user
rate limiting and data cap) for Wi-Fi services.

2.4.5.1

Network Performance Variances

Surveys conducted across all three California fleets in a wide geographical footprint have provided
consistent results in terms of carrier ranking and levels of 4G network quality and performance. However, it
should be noted that network conditions are likely to vary due to variables including but not limited to time of
day and individual cell site load. A cellular survey taken one day in one place may be greatly different in the
13

Wired, ‘Blame Politics for the US’s Embarrassingly Slow LTE’, February 2016 http://bit.ly/2xZJSsl
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same place at another time. Nevertheless, the consistency in comparative carrier network performance
sampled over the period of one week – combined with the similar results gathered by OpenSignal –
suggest that CCJPA can be confident of the surveys’ accuracy.
2.4.5.2

T-Mobile Performance at Risk

A general conclusion of this report is that T-Mobile should be utilized by California IPR as a carrier for
backhaul (although combined with Verizon and AT&T and using multiple links on the same carrier network).
T-Mobile’s network characteristics (and advantages) may change negatively over time due to an increase in
subscribers; indeed, T-Mobile acquired 5.7 million subscribers in 2017, almost double Verizon’s in the fourth
quarter alone14 and expects to add up to 3 million in 2018. While T-Mobile has a total of just 72 million
subscribers compared to Verizon’s 150 million and AT&T’s 141 million, it has the greatest percentage of
revenue (70%) from data services of the three networks15. Increases in T-Mobile data popularity may lead
to greater network congestion in the future.

14

T-Mobile Financial Results 2017, February 2018 https://t-mo.co/2rzBr0Q

15

FierceWireless, May 2017 http://bit.ly/2xZQkPO
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