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ABSTRACT

By aggregating multiple channels, Carrier Aggregation (CA) is an
important technology for boosting cellular network bandwidth.
Given diverse radio bands made available in 5G networks, CA
plays a particularly critical role in achieving the goal of multi-Gbps
throughput performance. In this paper, we carry out a timely com-
prehensive measurement study of CA deployment in commercial
5G networks (as well as 4G networks). We identify the key fac-
tors that influence whether CA is deployed and when, as well as
which band combinations are used. Thus, we reveal the challenges
posed by CA in 5G performance analysis and prediction as well as
their implications in application quality-of-experience (QoE). We
argue for and develop a novel CA-aware deep learning framework,
dubbed Prism5G, which explicitly accounts for the complexity in-
troduced by CA to more effectively predict 5G network throughput
performance. Through extensive evaluations, we demonstrate the
superiority of Prism5G over existing throughput prediction algo-
rithms. Prism5G improves 5G throughput prediction accuracy by
over 14% on average and a maximum of 22%. Using two use cases
as examples, we further illustrate how Prism5G can aid applications
in optimizing QoE performance.
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1 INTRODUCTION

5G was designed to deliver significantly higher data rates than 4G,
with a target downlink (DL) peak data rate of 20 Gbps [19]. To
achieve this goal, 5G employs a variety of different mechanisms,
many of which build on those that have been deployed in 4G net-
works. First of all, besides the frequency bands in the low- (< 1
GHz) and mid-band (1 GHz - 7 GHz) range (frequency range 1 or
FR1) that overlaps with the 4G frequency bands, 5G also utilizes
high-band frequencies (24 GHz - 60 GHz) in the mmWave range
(frequency range 2 or FR2). Secondly, instead of a fixed 15 KHz
sub-carrier-spacing (SCS) and a maximum channel bandwidth of
20 MHz, 5G introduces a flexible numerology to increase spectral
efficiency, allowing 15/30/60 KHz SCS for FR1 bands and up to
100 MHz channel bandwidth, and 120/240 SCS and up to 400 MHz
channel bandwidth for most FR2 bands. Thirdly, massive MIMO
(multiple inputs, multiple outputs) may be used to increase the data
rate by transmitting up to 4 (or in some cases 8) data streams simul-
taneously. In particular, carrier aggregation (CA), which combines
multiple channels — each is referred to as “component carrier” (CC)
— within the same band or across different bands (§2.1), plays a
crucial role in boosting 5G data rates to multi-Gbps. We use x CCs
to denote x number of channels being aggregated for simplicity.

While CA has been deployed in 4G networks, more diverse
band combinations, together with flexible numerology, generally
wider channel bandwidths, as well as MIMO enable 5G networks
to achieve significantly higher data rates. To illustrate the compar-
ative throughput performance of 4G vs. 5G networks, in Fig. 1, we
plot the representative measurement results in the ideal channel
condition. We see that the throughput performance of 5G networks
is significantly higher than 4G networks. As of Jan 2024, we have
observed up to 4 CCs aggregation in 5G low/mid-band and 8 CCs
aggregation in 5G high-band, achieving an unprecedented 1.7 Gbps
and 4.1 Gbps peak throughput performance in the wild, respectively.
Moreover, with 5G stand-alone (SA) networks no longer relying
on a 4G as an “anchor” cell, CA assumes significant importance
in ensuring connectivity and throughput by simultaneously lever-
aging both low-band and mid-band channels. It has been recently
reported [7, 35] that Ericsson, Nokia, Qualcomm, and mobile op-
erators have successfully aggregated 6 CCs in a 5G SA network,
achieving a peak downlink data rate exceeding 3.6 Gbps using only
5G low- and mid-band channels in FR1.

Despite the importance of CA, there have been limited studies
of CA in real-world 5G deployments from the research commu-
nity (see §8). CA adds significant complexity to the analysis of
5G network performance (see §3). For example, there are multi-
ple modes (“peaks”) in both 4G and 5G throughput distributions
in Fig. 2 and Fig. 24. These can be attributed to the effects of CA,
where “peaks” correspond to areas under coverage of multiple
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Figure 1: CA boosts both 4G and 5G networks
throughput under ideal channel conditions. Each
color indicates a component carrier (CC).

4G/5G bands/channels, thus multiple CCs with di erent combina-
tions are available for CA. While previous measurement studies
have more or less noted the highly variabl8Z 33 and "multi-
modal" nature of 5G throughput performancd§, our analysis
reveals that carrier aggregation is one of the major contributors to
such observed phenomena. If and when CA is activated, what and
how many component carriers and what band combinations are
used depends on various con gurations and environmental factors,
such as what bands/channels are con gured and thus available in a
given location, the channel conditions, and so forth. In addition, the
capability of a 5G handset or user equipment (UE) also determines
whether CA can be used for data transmission and what band com-
bination is used. All of these a ect theser perceived 5G throughput
performancend applicationquality of experienc@oE). Using an
XR (mixed/extended reality) application as an example (¢8¢3,
we show that while the signi cantly boosted 5G throughput en-
abled by 5G CA makes it possible to support applications with high
bandwidth requirements, the application QOE may su er due to
high variability introduced by CA. Hence, in order to fully translate
the throughput bene ts brought by CA into the improvement of
the application's QOE, it is imperative to take CA into account.
The goal of our paper is four-fold: First, we carry out a compre-
hensive measurement study of CA deployments over three major
US operators in two large US cities. We map out the prevailing
characteristics of the current CA deployments in 4G/5G networks,
quantify the impact, and discuss challenges CA pos&3. (This is

made possible via the use of a professional 5G measurement tool,

Accuver XCAL B], which allows a detailed collection of 5G New
Radio (NR) PHY layer signals and RAN (radio access network) pro-
tocol messages; sé.2for our measurement platform setup and
methodology. Second, through careful experiments and in-depth
data analysis, we dissect the complexity of 4G/5G CA con gura-
tions and identify the key factors that a ect when and how CA is
used ¥4. The third and main goal of our paper is to develoCa-
awaredeep-learning framework, dubbe@rism5Gfor predicting
5G network throughput performanceY® with the aim to aid ap-
plication in QoE optimization. Through extensive evaluations, we
demonstrate the bene ts o€A-awareness 5G throughput predic-
tion (Y9. Last but not least, we consider two use cases to illustrate
how Prism5Gecan help applications enhance QoE performanta (
Contributions. We summarize our key contributions and major
ndings as follows:

We conduct a timely and comprehensive measurement of CA
deployment in commercial 5G networks (as well as 4G networks)

(a) OpY 5G throughput distribution.
Figure 2: Multi-modal distribution of 5G throughput during driving.
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(b) OpZ 5G throughput distribution.

in the US. To the best of our knowledge, this is the firistdepth
study that considers the impact of CA on throughput analysis and
prediction.We map out the CA deployments by all three major US
carriers in two cities (and surrounding suburban areas and nearby
highways), including the 4G/5G channels and combinations.

Our study shows that diverse channels and channel combina-
tions have been used to form 5G aggregate channels of exceeding
100 MHz, with up to 4 CCs in the mid-band and up to 8 CCs in
the high-band (mmWave), resulting in peak throughput of more
than 1.7 Gbps and 4.1 Gbps, respectively. While most of current
5G CA deployments are concentrated in urban areas, all three US
operators are gradually expanding CA deployment and coverage.

While 5G CA signi cantly boosts throughput, the complex-
ity of CA poses new challenges in analyzing and predicting 5G
performance. We demonstrate that not only is the activation and
deactivation of CCs that induce drastic changes in 5G throughput
in a short period of time, but the aggregated channel also exhibits
far higher variability than when no CA is used. All of these have
crucial QoE implications for (end-to-endjandwidth-adaptivappli-
cations. Usinggcaled-upXR application ViVo 1§ as an example,
we show that CA worsens overall QOE metricemparatively

The above ndings call for the need of @A-awaresG through-
put predictor that can more e ectively aid applications in fast and
adaptive decision making. Toward this end, we dissect the key fac-
tors that in uence CA con gurations and a ect their performance.
We demonstrate the need to capture features associated with in-
dividual CCs and the importance of accounting for the complex
feature interplay in predicting 5G throughput performance.

We propose a noveTA-awaredeep learning frameworkrism5G
which models individual CCs, conditions them, and fuses them
based on the CA state to accurately predict 5G throughput. It uti-
lizes features that can be collected from UE. Evaluations using
real-world 5G traces demonstrate the e cacy of Prism5G, with
around 14% improvements over the state-of-the-art. It tracks the
5G throughput transitions well when CCs are added or removed.

To demonstrate the utility ofPrism5Gn aiding adaptive appli-
cations in enhancing QoE performance, we consider two use cases:
1) We show thatPrism5CGcan help ViVo to attaimear-optimalQoE
metrics. 2) Using MPC5(J as a representative adaptive bit rate
(ABR) algorithm for video streaming, we shoRrism5Genhances
the average bit rates and reduces stall times considerably. It greatly
improves the stall timetail performance, reducing the 95% per-
centile tail performance by 33 seconds (87% reductionPrism5G
consistently outperforms the other 5G throughput predictors.
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Figure 3: lllustration of carrier aggregation.

We make measurement datasets, main codes, and other rele-
vant artifacts publicly availablé.

2 BACKGROUND AND METHODOLOGY

This section introduces carrier aggregation (CA), followed by a
description of our measurement setup and methodology.

2.1 A Quick Primer on CA

3GPP speci es a set of frequency bands within each of the low-
band, mid-band, and high-band ranges that can be used to support
5G New Radio (NR). Each 5G band is desighated with a number,
pre xed with the letter n [ 45, e.g., n41 and n77 (C-band), both
within the mid-band range. Similarly, 4G bands within the low-
and mid-band ranges are also designated with a numiaé}, [and

we pre x them with the letter b to distinguish them from 5G

bands. For each band, 3GPP also speci es what channel bandwidths

can be supported, e.g., 15, 20, 40, 60, 70, 80, 90, or 100 MHz, a

what subcarrier spacing (SCS) may be used, e.g., 15, 30, 60 or 12

kHz. We note that 4G bands use a xed SCS of 15 kHz, and the
maximum channel band is 20 MHz, compared to 100 MHz for 5G
mid-band channels. For both 5G NR and 4G LTE, each band is
speci ed to operate using either the TDD (Time Division Duplex)
or FDD (Frequency Division Duplex) mode. In the TDD mode, both
downlink (DL) and uplink (UL) data are transmitted using the same
channel but in di erent time slots. Whereas in the FDD mode, a
pair of channels (with the same frequency range) are dedicated to
data transmissions, one for DL and one for UL.

At each 4G/5G base station, one or multiple channels (from the
same or di erent bands) may be con gured, depending on various
factors, e.g., availability of spectrum, RAN capabilities, coverage,
and bandwidth requirements of the service area. Each channel is
often assigned a Physical Cell ID (PCI). The left panel in Fig. 3
depicts a base station with channels/bands/cells con gured. We
note that as radio bands have varying coverage ranges and di erent
channel propagation characteristics, depending on the UE location,
there may be one, two, or multiple channels/bands available. In
a location where the UE is under the coverage of multiple cells,
the cellular operator may opt to invoke CA by aggregating two or
more channels to boost the throughput of data rates for the UE.
Each channel is denoted axamponent carrieand con gured as a
serving celfor CA. In the context of CA, the term (serving) cell is
used interchangeably with CC.

Lhttps://github.com/SIGCOMM24-5G-CA/artifact
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Table 1: Overall Statistics of Collected CA Dataset.

Duration Apr. 2023 - Jan. 2024
Equipments 9 phones with 4 models
Operators AT&T, T-Mobile, Verizon
# Freq. channels 4G:86 5G: 44
# CA combos 4G: 511 5G:61
Mobilities Stationary, Walking, Driving
Scenarios Urban | Suburban| Beltway | Indoor
Cumulative 140km | 180km | 470km | 10km
datatraces | 540min| 360min | 280min | 110min

As illustrated in the right panel of Fig. 3, CA may be performed
using contiguou®r non-contiguoushannels with the same band
these are referred to astra-band contiguou€A andintra-band
non-contiguou€A, respectively. CA may also be performed using
channels fromdi erent bands; this is calleéhter-band CAIn the
latter case, the component carriers could be operating using TDD or
FDD. In the case of 5G CA, each CC can also use di erent SCSs, e.g.,
15 kHz or 30 kHz. For example, in the 5CC CA trial cited earl &

3 TDD CCs and 1 FDD CC in the mid-band are used with the other
1 FDD CC in the low-band. In CA, one of the CCs is designated as
the primary cell (PCell) over which radio resource control (RRC)
messages are also transmitted, while all the other CCs are classi-
ed as secondaryells (SCells). SCells can be dynamically added or
removed, depending on network conditions and other factors. CA
is particularly important for 5G SA deployment as it is no longer
anchored to 4G LTE, where low-band CCs can be aggregated to
expand coverage. 3GPP speci es various band combinations that
ay be supported for NSA and SA CA operations. Lastly, we remark
pnat CA is performed at the MAC layer where user data is multi-
plexed/demultiplexed across multiple CCs, as shown in Fig. 3. Ina
sense, NSA Dual Connectivity (DC) can also be viewed as a form of
CA where tra c is split/merged between 4G LTE channels and
5G NR channels at the higher PDCP (Protocol Data Convergence
Protocol) layer. We refer the reader t@,[1( for more background
and exposition on CA.

2.2 Measurement Methodology

To understand the CA deployment in real mobile networks, we con-
duct comprehensive measurements and summarize the statistical
information of collected datasets in Table 1.

Operators, Locations and Mobility. Our measurement campaign
mainly focuses on three major US mobile operators: AT&T, T-
Mobile, and Verizon. We survey two large U.S. cities, covering
their urban downtown, surrounding suburban areas, and major city
beltways. Besides measurements conducted under driving mobility,
which create a comprehensive coverage map, we also experiment
with stationary mobility at various city hot spots, such as bus stops
in line-of-sight to base stations, providing the baseline results under
an ideal channel condition. In addition to outdoor measurements,
we perform indoor measurements under walking mobility, a recog-
nized challenging scenario for 5G. Overall, we acquire a rich dataset
that provides us with a representative view of the current state of
CA deployment. When showing the measurement results, we use
OpX OpY, andOpZ to obscure the operator names.
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Table 2: 4G/5G channel allocation and combinations observed in our study. The frequency (abbreviated as Freq.) and bandwidth
(abbreviated as BW) are measured in MHz. 4G bands are pre xed by the letter "b" and 5G by "n". The last column reports the
number of observed channel combinations: the rst number considers the ordering of SCells in the combinations, and the

second one only counts the unique channel sets.

(a) Selected Channel and Band Allocation Observations (b) Selected CA Observations
Oper] Ch. ] 4G [ 5G Channel Combo [ Aggr. BW [ Num.
ID(Mode) b12FDD) b14FDD) b29FDD) b2FDD) b6GFDD) b3QFDD) b4GTDD)| NS(FDD) N77ATDD) N26QTDD) | [4Gupto 5 CCs | (Up to) 90 MHZ/270/162
OpX | Freq.| 700 700 700 1900 1700/2100 2300 50850 3700 39000 | |5GNn77+n77 120MHz | 6/4
BW 5,10 10 5 5,10,15,20 5,10,15,20 5,10 2010  40,60,100 100 | |5G8*n260 800 MHz | 13/3
ID(Mode) b13FDD) b5FDD) b4FDD) b2FDD) b6GFDD) b48TDD) b4GTDD) NSFDD) N77ATDD) N26XTDD) | [4Gup to 5CCs  |(Up to) 100 MHz174/108
OpY | Freq.| 700 850 1700 1900 1700/2100 3600 520850 3700 28000 | |5Gn77+n77 160 MHz | 4/2
BW 10 10 10,15,20 5,10,15,20 5,10,15,20 10,20 200 40,60,100 100 | |5G8*n261 800 MHz | 13/8
ID(Mode) b7XFDD) b4FDD) b2FDD) b25FDD) b6GFDD) b4XTDD) b4GTDD) N7XFDD) N25FDD) N4LTDD) | [4Gupto 5 CCs | (Upto) 90 MHZ| 67/42
OpZ | Freq.| 600 1700 1900 1900 1700/2100 2500 520600 1900 2500 ||5Gn71+n41 120 MHz | 717
BW 5 10,15,20 5,10,15,20 5 5,10,15,20 20 205,20 20  20,40,60,108Gn4a1+n71+n25+n4l 180 MHz | 6/2

Tool setup. We use the consumer smartphones as the 5G probes
listed in Table 5 and ensure their rmware has been updated to the
latest version as the 5G network con gurations constantly evolve.
These phones are tethered to a laptop running the professional
network diagnostic tool XCAL §]. This tool is used to access the
chipset diagnostics and log data, including RRC control messages
and precise radio frequency (RF) layer information. We adopt Iperf3
with multi-threads data transmission for our throughput measure-
ment and set up an AWS EC2 instance (m5n.xlarge) as the remote
server, which is able to provide a 4.1 Gbps baseline throughput and
up to 25 Gbps burst throughput.

Methodology. There are numerous practical challenges, marked
as[C], that cannot be neglected. These challenges may impact our
results and, therefore, require speci c remediatig@.1] We cannot
directly control the carrier aggregation or easily seleghich chan-

nel becomes the component carriéiVe resort to using the built-in
function to force the technology and banithat UE can useFor
example, under the default coverage area of the band n71+n41 com-
bination, we can force the UE to only use the channel within band
n41 by entering the operator service co *#2263#for OpZ, while
similar options are available on our professional tools XCA] for

the other operators[C2] The continuous large-volume measure-
ment tra ¢ makes our UEs potentially compete for radio resources
with other users and face throttling issues despite subscribing to un-
limited data plans. To mitigate this, we mainly conduct experiments
at midnight when fewer people are on the streets, and utilize multi-
ple SIM cards to avoid potential data cajye cross-validate the
measurement results collected by running experiments multiple
times on di erent days and filtering out outliers to ensure the re-
sults are representative. On the other hand, we have also collected
the data at di erent times of the day to capture the time diversity,
see the discussion in the Appendix B[Z3] The intensive data
transmission with CA will quickly overheat the phone, leading to
CA deactivation and a signi cant performance drop. We address
this issue by engineering simple closed-loop liquid heat exchangers
for cooling our smartphones and actively monitoring the phone's
temperature during the measuremeniiC4] The data recorded by
multi-phones can lead to many out-of-synchronization problems
and thus unfair performance comparison among di erent operators
or CA con gurations. To solve it, we place the phones side-by-side

and master them on the same laptop; see Fig. 22 for example. Al-
together, we carefully design our experiments, which provide a
revealing snapshot of the state-of-the-art CA deployments.

3 MEASUREMENT & QOE IMPLICATIONS

This section presents the main ndings from our measurement
study, highlighting the key bene ts and challenges posed by CA,
with additional measurement observations provided in Appendix A
Using an XR application as an example, we also illustrate the impact
of CA on application QoE.

3.1 CA Channel Allocation and Deployment

We start by discussing the CA channels, channel combinations, and
CA deployment characteristics we have observed.

Diverse Channels and Channel Combinations. In our measure-
ment data, we observed a total of 44 unique 5G channels and 86
unique 4G channels used for CA by the three major US operators.
Most 5G channels come from the mid- or high-band (mmWave)
ranges, operating in the TDD mode, with only a few operating in
the FDD mode (in the below 2 GHz spectrum). In contrast, most 4G
channels come from bands below the 2 GHz spectrum, operating in
the FDD mode. The main di erence lies in the channel bandwidth:
The 4G channel bandwidth varies from 5 to 20 MHz. Whereas all
5G mid-band channels have a bandwidth of at least 20 MHz, most
have a bandwidth of 40, 60 up to 100 MHz. In the case of mmWave
channels, they are all 100 MHz. Table 2(a) provides representative
samples of the 4G/5G bands/channels, and Table 6 in Appendix A.1
provides more detailed information. We see that many 5G channels
share the same band with 4G channels this is because cellular
operators often "re-farm" their 4G spectrum for 5G services.

Via CA, the individual 4G/5G channels may be combined in var-
ious ways to form araggregate@¢hannel of higher bandwidth. As
selected combinations highlighted in Table 2(b), in the 4G networks
of all three operators, up to 5 channels may be aggregated to yield
an aggregated bandwidth up to 100 MHz which is the maximum
(allowed) channel bandwidth of single5G mid-band channel. In
5G networks, bottOpXand OpY support up to 2 CCs of low- and
mid-band channels (in FR1), with an aggregated bandwidth of up
to 120 MHz and 160 MHz, respectively. Both these operators also
support up to 8 CCs using mmWave channels (in FR2), yielding an
aggregate bandwidth of up to 800 MHz. In contra®pZ supports
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Figure 4: 5G CA deploymentin

an urban area. shows data distribution.

up to 4 CCs using channels from FR1 only, yielding an aggregated
bandwidth of up to 180 MHz. See Table 7 in Appendix A.1 for
sample channel combinations used in 5G CA.

4G/5G CA Deployment Prevalence. Our driving measurements

in urban, suburban, and city beltway areas reveal that all three
operators have widely deployed CA for both 4G and 5G networks,
giving the mobile users a high likelihood of utilizing CA, as shown
in Fig. 25. We observe that 4G CA covers almost the entire mea-

Figure 5: CA boosts Tput. The contour
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(a) Individual. (b) CA: n25+n41.

Figure 6: Throughput time series of n25 and n41
separately and aggregated in CA (n41+n25).

much narrow component carrier bandwidth, which varies from 5
to 20 MHz (in our data we observe that CCs of 20 MHz are most
frequently used by all three operators), the observed aggregate
4G throughput is closely correlated with the number of CCs used
in 4G CA. This is not true in 5G networks, due to more diverse
channels/bands and much wider and varied channel bandwidth.
Fig. 5 shows the "violin" plots of the measured (aggregate) 5G
throughput under 6 di erent 5G CA combinations from 2CCs to 4

surement area and provides seamless services, while 5G CA shows CCs. We use the superscripts to distinguish di erent channels of the

varying levels of prevalence across di erent areas, with averages
of 24%, 44%, and 86% for OpX, OpY, OpZ, respectivelythe
OpXandOpY, the deployment of mmWave 5G with up to 8 CCs ag-
gregation is con ned to densely populated areas. However, there is
a notable ongoing expansion of their new 2 CCs aggregation in FR1.
In contrast,0OpZ has aggressively deployed 5G CA by re-farming
their radio resources, thus providing more diverse CA options (more
details can be found in Appendix A.1) and wider coverages not only
in urban area but also suburban and city beltways. Therefore, we
frequently use measurement data fro@pZ in our following study.

Fig. 4 visualizes a sample spatial map of 5G CA deployment
in an urban downtown area covering approximately< 2, with

same band. Both with 2 CCs and an aggregated bandwidth of 120
MHz, the throughput performance of the n43n25 combination

di ers vastly from that of the n7?+n77 combination (of two dif-
ferent n77 channels): the average throughput of the former is below
250 Mbps, about 1/2 of the latter, which is just below 500 Mbps. Both
with an aggregate bandwidth of 160 MHz, the ##1772 combina-
tion and n4P+n25+n41 combination also exhibit quite di erent
overall performance as indicated by the "fatness" of the contours,
although they attain nearly the same peak throughpBoth with 4
CCs, the n42+n71+n25+n43 combination exhibit significantly
higher throughput than the n48+n7£+n25+n43, whose ScCell
uses the di erent channel within the same bandVith 4 CCs and

measurements conducted along various streets. The color schemess”ghﬂy wider aggregate bandwidth, the n43n7 2 +n25+n43 com-
indicate the number of CCs observed. We see that as the UE moVves jyination attains similar peak throughput as that of the re#h7 73

along a route, the number of CCs may uctuate, with either a new
CC added or an existing CC removed. Below, we will proceed to
examine the implications of these observations.

3.2 CA Bene ts and Challenges

As shownin Fig. 1 and Fig. 2, CA can signi cantly boost the through-
put performance of both 4G and 5G networks. This is particularly
the case in terms gbeak5G throughputunder ideal channel condi-
tion: by aggregating 4 5G mid-band channel compone@pZ at-
tains a peak throughput of 1.7 Gbps; with up to 8 mmWave channel
componentsOpY attains a peak throughput of 4.1 Gbpe.addition,

we provide more measurement observations in Appendix A.2 regard-
ing di erent mobility and scenarios. Fig. 26 shows that throughput
can be significantly increased, up to multiple times, due to the use
of CA while driving. Fig. 28 demonstrates that using FDD low-band
as PCell in CA helps improve 5G signal connectivity while walking
indoors, thereby providing higher throughput.

However, such signi cant performance gains are achieved at the
expense of much addexbn guration complexityand performance
variability, which make analyzing and predicting 5G network per-
formance far more challenging. In 4G networks, because of the

and n4P+n25+n41 combinations, but its overall throughput per-
formance is more consistent, with higher average throughput than
the 2 CCs and 3 CCs of 160 MHz. Compared to 4G CA, 5G CAin
general introduces far higher performance variability, as noted in
Fig. 2 and Fig. 24.

To better illustrate the performance variability introduced by 5G
CA, in Fig. 6, we plot 60-second sample throughput trace segments
of two 5G channels, n25 and n41, when both are uakxhe(i.e., no
CA) as well as a sample throughput trace segment when they are
combined as the 2 CCs aggregation (n41+n25). Data was collected
at a xed location with stationary UE, and the band was locked
using the built-in function. First, we observe that the aggregate e
throughput of n41+25 is not merely the sum of those of n41 and
n25, sometimes at least 49.02% lower than the (theoretical) sum.
In Y4.3 we provide an explanation for this phenomenon. In fact, the
channel characteristics and performance pro le of an individual
5G channel can in general vary considerably from when it is used
alone and when used idi erent CA combinations this is because
the con gured power and MIMO layers may be altered (see Y4.3
for an example using n41).
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Figure 7: CA signi cantly changes throughput.

In Fig. 7, we plot a 120-second sample throughput trace segment
with up to 4 CCs, where the CCs are dynamically added or removed
as the user drives in a downtown area. We see that the addition and
removal of CCs introduce drastic uctuations in 5G throughput.

Wei Ye, Xinyue Hu, Steven Sleder, Anlan Zhang, et al.

(a) No CA (standard ViVo with bi- (b) 4CC CA (scaled-up ViVo with
trates up to 375 Mbps). bitrates up to 750 Mbps).

Figure 8: VivVo QoE under di erent CA conditions. Performance
change is calculated via "ViVo-ViVo(ideal)."

experiment runs. A segment of the throughput trace is shown in
Fig. 6. 2) ViVo over an aggregate 5G channel WiBCs?, where

For example, due to CC removal, around the time instance 46 sec, CCs may be dynamically added or removed: The average through-
the throughput drops by about 1/2, from 1.2 Gbps to around 600 put is 700 Mbps with a standard deviation of 331 Mbps, and the
Mbps within a second or so; whereas from the time instance 90 to peak throughput is 1732 Mbps. Refer to Fig. 7 for a segment of
94 sec, the throughput increases quickly from 550 Mbps to around the throughput trace. In case 1), the maximum resolution of 3D

950 Mbps, due to the addition of 2 CCs.

Besides SCell's activation/deactivation, PCell may dynamically
switch from one band to another, introducing additional complexi-
ties, such as transitions from TDD band to FDD band with altered
power allocation. For an example of this occurring when a user
moves from outdoor to indoor, see Appendix ARurthermore, dur-
ing the periods without addition or removals of CCs, the throughput
of the aggregated channel often uctuates more signi cantly than
when no CAis used. All in all, while 5G CA provides cellular op-
erators with the ability and exibility to better utilize fragmented
5G channels by combining them to form aggregate channels of
much higher bandwidth and boost 5G network throughput perfor-
mance, it also poses new challenges. In the following, we explore
the implications of 5G CA on application QoE.

3.3 Application QoE Implications

To illustrate the impact of 5G CA on application QoE, we use ViVo,
an immersive XR application developed ib§] as an example. ViVo
employs 3D point clouds to represent objects and the environment.
To stream objects and their environment over networks, two key
mechanisms are employed: a) ViVo rst predicts the vieweetd
of view150 ms ahead to determine visible and unobstructed objects,
shaping the 3D frame that must be delivered in the next 150 ms.
b) ViVo adjusts the quality level (de ned by point density) of the
3D frame to meet bandwidth constraints and the 150 ms delivery
deadline. Similar to conventional video streaming ABR (adaptive
bit rate) algorithms, ViVo uses past bandwidth measurements to
estimate the available bandwidth in the next 150 fsApplication
QOE is therefore measured using two metrics: i) (average) quality
level measured frame by frame; ii) (average) stall times, where a
stall occurs if a 3D frame cannot be delivered within 150 ms.

We consider two scenarios. 1) ViVo over a 5G chanmighout
CA: The average throughput is 355 Mbps with a standard deviation
of 161 Mbps, and the peak throughput is 759 Mbps over various

2In contrast to video-on-demand ABR algorithms, which plan quality levels for video
chunks seconds ahead because of using a large bu er, ViVo's quality adaptation
algorithm operates at a much shorter time scale (in hundred ms level), making frame-
by-frame decisions with a "shallow" bu er.

point clouds and frame rate requires a maximal bit rate of 375 Mbps,
slightly above the mean channel throughput. In case 2), to leverage
the much higher aggregate channel bandwidth, we scale up the
maximum resolution of the 3D point clouds and frame rate accord-
ingly to 750 Mbps, also slightly above the mean throughput of the
aggregate channel. In both cases, ViVo adapts to the uctuating
channel throughput by adjusting quality levels. To underscore the
impact of 5G CA and motivate the need f@A-aware throughput
prediction we also consider aideal version of ViVo, where the
actualthroughput in the next 150 ms interval (instead of estimated
based on past measurements) is used.

Fig. 8 shows a number of representative results using various
5G traces with (a) no CA (i.e., case 1) and (b) with (upto) 4 CCs
(i.e., case 2). Using thdeal ViVo as the baseline, the results are
shown as the percentage of (average) quality degradation and the
percentage of increases in (average) stall times. We see that without
CA, there are multiple instances where both quality and stall times
have degraded more than 5%. In the case of 4CC, the performance
of most instances is visibly worse. While in several instances, the
quality gradation is kept at 5%, this is achieved with signi cantly
worsening performance in terms of stall times.

The above results underscore the fact that the current applica-
tions struggle to fully utilize the 5G network capabilities. It calls
for advanced 5G performance prediction models to aid applications
in more e ective and adaptive decision-making, as in the case of
ideal ViVo.

4 DISSECTING KEY FACTORS AFFECTING CA
FOR THROUGHPUT PREDICTION

This section explores the complex interplay among various radio
parameters that shape CA con gurations and performance. Our
goal is to develop an e ective throughput prediction algorithm, so
our focus lies on UE-collectible parameters or features (cf. Table 3),
e.g., via Android APIsq]. We useOpZ as the primary mobile

3We note that the 4 CCs can aggregate up to 180 MHz bandwidth and do not equate
to a fourfold increase in throughput as each channel has a di erent bandwidth (see
Fig. 5 and Table 2).
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