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Abstract: Telemedicine services in underserved rural regions often rely on asymmetric access
technologies. These include Low Earth Orbit (LEO) satellite broadband and 5G Fixed Wireless
Access (FWA), which prioritize downstream over upstream bandwidth. This asymmetry can affect
reliable transport protocols such as the Transmission Control Protocol (TCP), on which most
telemedicine services depend. The impact of bandwidth asymmetry on TCP was studied extensively
in the late 1990s and early 2000s, and recent studies have revisited it for modern congestion control
algorithms (CCAs), mainly within specific access technologies. In this paper, we revisit the
bandwidth asymmetry problem in TCP, isolating reverse-path bandwidth asymmetry as a single
controlled variable across three CCAs, namely NewReno, CUBIC, and BBRv1, in the ns-3 simulator
(ns-3.47). We also isolate the impact of asymmetry on the ACK-clock mechanism itself, using a fixed-
window approach that decouples ACK-clock dynamics from CCA behavior. Our results show that
the fixed-window baseline converges to the ACK-clock ceiling imposed by the reverse path, while
the adaptive algorithms diverge sharply. We also find that CUBIC's time-based window growth
makes it achieve the highest goodput under severe asymmetry, sustaining an average goodput of
7.75 Mbps on the 10 Mbps forward path at a 300:1 ratio. On the other hand, BBRv1 converges to the
ACK-clock ceiling without a single packet loss, achieving the lowest average goodput among all
configurations at 1.72 Mbps. The findings indicate that TCP performance in asymmetric access
networks depends strongly on how each algorithm consumes the ACK stream.

Keywords: bandwidth asymmetry; congestion control algorithms; TCP; ACK clocking; reverse-path
constraint; telemedicine; ns-3; CUBIC; BBR

1. Introduction

Telemedicine and telehealth refer to the use of digital technologies to provide healthcare services in-
dependent of physical distance between physicians and patients [1]. These services exhibit different deliv-
ery models, such as virtual clinical visits, remote patient monitoring through biometric sensors, and health
device management [2]. Each service depends on a continuous data exchange between the patient site and
the care provider [2, 3]. The quality of such exchange is bounded by the underlying telecommunication
infrastructure, whose robustness is critical to telemedicine services, particularly in underserved rural re-
gions [4, 5, 6]. However, the network technologies available in these regions are inherently asymmetric,
which can affect telemedicine services.

Modern network technologies that can offer symmetric data rates, such as Fiber-to-the-Home (FTTH),
are economically unfeasible in rural deployments [7]. These regions therefore rely on asymmetric wireless
technologies that require minimal infrastructure, such as Low Earth Orbit (LEO) satellite broadband and
5G Fixed Wireless Access (FWA) [8, 9, 10], as well as legacy internet access technologies such as Asymmet-
ric Digital Subscriber Line (ADSL) [11]. These technologies, by design, prioritize downstream bandwidth
over upstream bandwidth. This is either due to physical limitations or to economic feasibility, given human
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consumption habits. Since telemedicine services often run concurrently in the same home, this can com-
pound the problem. For example, upstream sensor data from biometric sensors competes with feedback
traffic from downstream flows, such as video consultations. This can make the effective asymmetry worse
than the underlying network technologies suggest. The consequences extend to the transport layer itself,
as most telemedicine services depend on reliable transport protocols such as TCP to ensure the complete
and correct delivery of clinical data.

The reliability of TCP in these telemedicine services is achieved by relying on feedback from the re-
ceiver in the form of Acknowledgments (ACKs), which confirm successful data delivery and drive a self-
clocking mechanism (also known as the ACK clock), in which the arrival of ACKs paces the transmission
of new data. Such a mechanism binds the sender's effective throughput to the rate at which ACK packets
arrive, a rate that can be constrained by asymmetric links. The ACK clock also shapes the behavior of
congestion control algorithms (CCAs), which regulate the sending rate based on network conditions. These
algorithms differ in how they exploit the ACK stream. NewReno [12] depends on ACK arrivals to incre-
ment its congestion window. CUBIC [13], in contrast, grows its window toward a target size based on the
time elapsed since the last congestion event, rather than incrementing per ACK received. BBRv1 [14] takes
yet another approach, using the ACK stream to estimate round-trip time and delivery rate, building an
explicit model of the path that governs its sending rate. Regardless of how they regulate their sending rate,
these algorithms depend on the ACK stream, either directly or indirectly. Such dependency can impair a
CCA's ability to accurately estimate the available capacity when the reverse path is constrained, as in the
asymmetric access technologies described above.

The impact of bandwidth asymmetry on TCP performance was extensively studied in the late 1990s
and early 2000s [15-18]. Recent studies have revisited reverse-path effects for modern algorithms, includ-
ing CUBIC and different BBR versions, mainly within specific access technologies such as wireless LANs
[19] and LEO satellite links [20], or under a reverse path congested by cross-traffic [21]. These studies ex-
amined the problem from complementary angles and in specific settings. In this paper, we revisit the band-
width asymmetry problem, systematically varying the forward-to-reverse bandwidth ratio as a single con-
trolled variable across NewReno, CUBIC, and BBRv1. The simulations use ns-3.47 [22], a recent stable re-
lease of the simulator. We also isolate the effect of asymmetry on the ACK-clock mechanism itself, adopting
a fixed-window approach from the literature [16, 23] that decouples ACK-clock dynamics from CCA be-
havior.

The rest of the paper is organized as follows. Section 2 describes related work, and Section 3 discusses
the details of our experimental methodology. Section 4 presents our simulation results. Finally, we present
our conclusions in Section 5.

2. Related work

Underserved rural areas have come to rely on remote healthcare services, as access to in-person care
is limited [5]. Studies in this domain recognized bandwidth as a limiting factor of service quality [4, 6]. This
limitation stems mostly from the asymmetric network technologies available in these areas. The bandwidth
asymmetry persists even with modern technologies such as LEO satellite [8, 9], just as with legacy access
technologies such as ADSL [11]. In addition, telemedicine services are increasingly operating using IoT-
based technology, which tends to follow a sensor-to-cloud architecture in which bulk data flows in the
upstream direction [3]. This can magnify the asymmetry problem, especially when sensor data coexists
with other telemedicine services that rely on TCP [24]. This is because upstream data will compete with
feedback traffic (ACKs) from downstream applications operating over TCP.

The performance degradation of TCP caused by a constrained ACK path under bandwidth asym-
metry was first studied in the 1990s [15, 17]. This early work characterized the problem and identified the
core mechanisms behind the degradation. It led to mitigation solutions such as ACK filtering, ACK recon-
struction, and header compression [25]. Since then, multiple studies have analyzed the impact of this prob-
lem on different TCP variants. For example, several works studied Tahoe and Reno using either ns-2 sim-
ulation or real testbeds [16, 26, 27]. More recent evaluations of CUBIC and BBR have relied mainly on
testbed emulation and field measurements [28, 29], while ns-3 studies have focused on implementing and
validating these algorithms and on their fairness across round-trip times and buffer sizes [30-32]. Other
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studies evaluated this problem for modern congestion control algorithms in specific access technologies
such as Wi-Fi [19].

Collectively, these studies have addressed this problem from complementary angles and in specific
settings. In this paper, we revisit the bandwidth asymmetry problem in TCP, isolating reverse-path band-
width asymmetry as a single controlled variable rather than within a particular access technology. In ad-
dition, we adopt a fixed-window approach as a baseline reference in our simulation. This baseline exposes
the impact of ACK stream dynamics on the sender's sending rate [16, 23]. We characterize NewReno [12],
CUBIC [13], and BBRv1 [14] across the ratio range of deployed access networks, extended to more extreme
ratios to test these algorithms under severe asymmetry. While later BBR versions (BBRv2 and BBRv3) re-
vise several mechanisms, including bandwidth probing and ACK aggregation estimation [33], we select
BBRv1 as it is the BBR version natively implemented and validated in ns-3.

3. Methodology

This section details the experimental design for our evaluation using the ns-3 simulator. We adopted
ns-3.47, a recent stable release. Recent ns-3 releases incorporate accumulated bug fixes, refined implemen-
tations of modern TCP variants, and general improvements to the TCP stack. They therefore reflect the
behavior of modern Linux TCP stacks more closely than older releases.

While asymmetry in a network may exist in delay, loss rate, or bandwidth, this study focuses on
bandwidth asymmetry to provide a controlled evaluation and isolate its effect on TCP performance. For
our bandwidth-asymmetric topology, we used a single-bottleneck dumbbell topology with edge links pro-
visioned at 100 Mbps in both directions, each with a 2 ms one-way delay. The forward data path of the
bottleneck is fixed at 10 Mbps with a 50 ms one-way delay, giving a total round-trip time (RTT) of 108 ms
and a bandwidth-delay product (BDP) of around 93 segments (seg). The reverse acknowledgment path is
the single experimental variable, and its bandwidth is swept from 10 Mbps down to 0.033 Mbps. This
produces forward-to-reverse asymmetry ratios of 1:1, 10:1, 50:1, 100:1, and around 300:1. These ratios there-
fore cover a wide range of practical asymmetry scenarios, including deployed access networks and cases
where reverse-path capacity is reduced by competing traffic. We included the 300:1 ratio as an experi-
mental upper bound, representing severely constrained uplinks.

To examine the impact of ACK-clocking behavior in TCP under a bandwidth-asymmetric topology,
we adopted a fixed-window scheme that decouples congestion control dynamics from the underlying ac-
knowledgment feedback loop [16, 23]. This allows us to examine how the timing of each ACK arrival on a
bandwidth-asymmetric reverse path can constrain the sender's throughput. The window is set to around
1.1 x BDP of the forward path, that is, 100 segments. The small margin above the BDP ensures the forward
path remains fully utilized under ACK jitter. In addition to the fixed-window scheme, we evaluate three
TCP variants: NewReno, CUBIC, and BBRv1. Each algorithm interacts with the ACK stream differently.
CUBIC is included as the default TCP CCA in Linux, and NewReno as the standard loss-based baseline.
BBRv1 is evaluated because it is the only BBR variant with a stable model in ns-3, and because its delivery-
rate estimation depends directly on the ACK stream, making it the variant of greatest interest under re-
verse-path constraints. Later BBR versions are left to future work.

Table 1 summarizes our experimental parameters, in which propagation delays, queue sizes, segment
size, and protocol configuration are held constant across the ratio sweep, where each scenario runs for 120
s. The ratio sweep uses the Linux default delayed ACK behavior (DelAckCount = 2, one ACK per two
segments), and the baseline scenario additionally compares DelAckCount =1 and 2, allowing us to isolate
the effect of the delayed ACK mechanism itself. The forward queue is set at 100 packets, matching the
fixed-window setting, and the reverse queue at 25 packets. The three CCAs use identical loss recovery
settings. Proportional Rate Reduction (PRR) and Selective Acknowledgment (SACK) remain at their ns-3
defaults, with no CCA-specific modification. The fixed-window scheme, in contrast, implements no recov-
ery state. It only tracks whether packets have left the network, since its purpose is to expose the raw ACK-
clock dynamics. Therefore, differences among the three CCAs stem from their congestion control behavior,
while the fixed-window scheme provides the recovery-free reference point.

Table 1. Simulation topology and link parameters.

Parameter Value
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Topology Dumbbell (sender — R1 — R2 — receiver)
Edge links 100 Mbps, 2 ms one-way delay
Bottleneck, forward (data) 10 Mbps, 50 ms one-way delay
Bottleneck, reverse (ACK) — 10/1/0.2/0.1/0.033 Mbps, 50 ms delay
swept
Forward queue (drop-tail) 100 packets
Reverse queue (drop-tail) 25 packets
Segment size 1448 B
Delayed ACK (DelAckCount) 2 (one ACK per two segments); baseline sweep: 1 vs. 2
CCAs Fixed-window / NewReno / CUBIC / BBRv1
Loss recovery PRR, SACK enabled (ns-3 defaults)
ns-3 release 3.47
Duration 120 s per scenario

4. Results and discussion

4.1. Baseline validation

The first section establishes the baseline evaluation, in which the fixed-window scheme and the three
CCAs are assessed under a symmetric 10 Mbps bottleneck using the topology parameters of Section 3, with
two ACK stream configurations (DelAckCount =1 vs. 2, i.e,, ACK every segment vs. every second seg-
ment). The goal of this scenario is to evaluate the impact of the delayed ACK mechanism in isolation, before
bandwidth asymmetry is introduced next. Under a symmetric bottleneck link, the results are influenced
solely by the data path parameters (the 10 Mbps bottleneck link and 100-packet queue) and the delayed
ACK setting, since the reverse path introduces no loss or queuing. With symmetric link capacities, enabling
delayed ACKs (DelAckCount = 2) simply halves the ACK rate relative to per-segment acknowledgment,
without any further thinning or compression of the ACK stream.

Figure 1 shows goodput samples every 1 second for the duration of the simulation; Figure 2 shows
in-flight data over time; and Figure 3 shows bottleneck queue occupancy against the 100-packet queue
limit. In each figure, panel (a) corresponds to DelAckCount = 1 (per-segment ACKing) and panel (b) to
DelAckCount = 2. Tables 2 and 3 summarize losses, RTOs, spurious retransmissions (Spurious retx), and
average goodput for the startup phase (0-20 s) and steady state (20-120 s), respectively. We count a re-
transmission as spurious when its sequence range overlaps with data already delivered to the receiver at
the transport layer.

As seen from the summarized results in Tables 2 and 3, the delayed ACK setting does not affect the
fixed-window sender. In fact, both configurations produce identical results, with 0 losses, 0 RTOs, and an
average goodput of 9.526 Mbps during startup and 9.640 Mbps during steady state. ACK arrivals do not
impact the sending rate, since it is fixed for the duration of the connection. Therefore, they only update the
sender's picture of packet delivery status. This confirms that any differences observed in the remaining
CCAs (NewReno, CUBIC, and BBRv1) are attributable to how each algorithm reacts to ACK arrivals, not
to the underlying ACK mechanism itself disturbing the sender’s sending rate.

Both NewReno and CUBIC converge to a nearly identical steady-state goodput of around 9.6 Mbps
under both ACK configurations, as shown in Figure 1 and Table 3. However, the differences between con-
figurations appear in the startup phase and in the queue dynamics. For NewReno, delayed ACKs slow the
AIMD cycle, so the queue fills approximately 3 times over the steady-state interval (roughly once every 36
s), compared to 6 times under DelAckCount = 1, as shown in Figures 2 and 3. This is mirrored exactly in
the steady-state loss count of 3 versus 6 packets, that is, one drop per cycle, as seen in Table 3. Although
the two configurations achieve nearly identical steady-state goodput (9.640 Mbps versus 9.641 Mbps), the
faster window growth under DelAckCount = 1 during slow start delivered slightly more bytes for the 120
s run (144.08 MB versus 143.88 MB). However, this was at the cost of twice the startup losses (194 versus
97), as seen in Table 2. Overall, the conservative behavior of NewReno's window growth and PRR recovery
resulted in zero RTO events and zero spurious retransmissions, as seen in Tables 2 and 3.

For CUBIC, the delayed ACK setting mainly impacted the startup phase of the connection. Under
DelAckCount = 1, CUBIC startup achieved the same average goodput as NewReno (9.427 Mbps versus
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9.428 Mbps) with zero RTOs. However, CUBIC experienced fewer packet drops than NewReno (74 versus
194 losses), as seen in Table 2. This is because HyStart's delay signal exits slow start early, at roughly 250
segments, before the loss feedback reaches the sender. Nonetheless, CUBIC experienced two spurious re-
transmissions while NewReno experienced none. Under Del AckCount = 2, the halved ACK stream weak-
ens both of HyStart's exit signals, the delay signal and the ACK-train signal. This prevents HyStart's exit
from triggering, causing CUBIC to spike beyond 350 segments (Figure 2(b)). The result is a mass drop of
packets and the only RTO CUBIC experienced under either Del AckCount setting, as shown in Table 2. This
single RTO event caused CUBIC's startup goodput to drop by 5.5% compared to per-segment ACKing
(8.906 Mbps versus 9.427 Mbps). Beyond startup, the two configurations are nearly identical, as with
NewReno, achieving a steady goodput of 9.639 Mbps, as seen in Table 3. However, CUBIC's window
growth function fills and drains the queue more frequently than NewReno's, producing 111 and 119
steady-state losses (DelAckCount = 1 and 2, respectively) across roughly 11 loss episodes over the run as
seen in Figure 3, compared to NewReno's 6 and 3 packet drops. Each episode leaves multiple holes in the
flight window, and until the sender recovers them, in-order delivery at the receiver stalls for a few RTTs.
This results in around 10 spurious retransmissions per configuration, and produces the characteristic
freeze-then-burst pattern in delivered goodput, as shown in Figure 1. Overall, CUBIC delivered 144.06 MB
under per-segment ACKing and 142.76 MB under delayed ACKs.
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Figure 1. Goodput over time in the baseline scenario (10 Mbps reverse link). Goodput is sampled
over 1 s intervals.

BBRv1 shows the opposite trade-off to the loss-based CCAs as DelAckCount = 2 incurred more losses
during startup but improves its steady-state goodput. During startup, DelAckCount = 2 cost BBRv1 an
extra RTO (2 versus 1) and 55% more drops (237 versus 153), as seen in Table 2. This is because the full-
pipe detector reacts a round later on clumped ACKs. In steady state, however, DelAckCount = 2 achieved
an average goodput of 9.335 Mbps, compared to 9.037 Mbps under DelAckCount = 1, around 3.3% higher,
and delivered more bytes over the full 120-second run (139.26 MB versus 134.97 MB). Notably, BBRv1 is
the only CCA that failed to reach the ~9.6 Mbps plateau of the other three in either configuration, and the
only one whose steady-state goodput depends on the ACK configuration. This is because an ACK covering
two segments can produce inflated rate samples, with bytes delivered in an adjacent measurement interval.
Such inflation would average out under most filters, but the BtIBw max filter latches onto the highest rate
sample. This causes BBRv1 to pace slightly above the bottleneck's service rate. The excess bytes accumulate
in the queue each round, amounting to around 75 segments per epoch, as seen in Figure 3. This backlog
remains below the 100-packet queue limit, which is why the overshoot inflates queueing delay without
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causing loss. PROBE_RTT, however, remains uncorrupted by the delayed ACK setting. As seen in Figure
3, the sender shrinks its window to 4 segments and drains the backlog and then returns the in-flight data
to slightly above the BDP of the bottleneck (Figure 2). This inflation of rate samples is a known weakness
of the BBRv1 estimator [19, 34], although it has been studied mostly in Wi-Fi networks, where ACKs can
be compressed or released in batches. Our results show that the same mechanism can be excited by the
delayed ACK setting alone, over a clean symmetric path. Overall, BBRv1 recorded zero losses, zero RTOs,
and zero spurious retransmissions during steady state in both configurations, as shown in Table 3.
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Figure 2. Data in-flight, in segments in the baseline scenario (10 Mbps reverse link). The dotted line
marks the path BDP of = 93 segments.
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Figure 3. Bottleneck queue occupancy in the baseline scenario (10 Mbps reverse link). The dotted
line marks the 100-packet queue limit.

Table 2. Startup-phase metrics (0-20 s) for each CCA and delayed-ACK setting.

CCA DelAckCount Losses (segment) RTOs Spurious retx Avg goodput

(Mbps)!
NewReno 1 194 0 0 9.428
NewReno 2 97 0 0 9.349
CUBIC 1 74 0 2 9.427
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CCA DelAckCount Losses (segment) RTOs Spurious retx Avg goodput
(Mbps)!
CUBIC 2 290 1 2 8.906
BBRv1 1 153 1 0 8.803
BBRv1 2 237 2 0 9.030
Fixed 1 0 0 0 9.526
window
Fixed 2 0 0 0 9.526
window

1 Goodput is the application bytes delivered divided by the window duration. Windows starting at 0 s include

connection setup (=0.2 s).

Table 3. Steady-state metrics (20-120 s) for each CCA and delayed-ACK setting.

CCA DelAckCount Losses RTOs Spurious  Avg goodput
(segment) retx (Mbps)

NewReno 1 6 0 0 9.640
NewReno 2 3 0 0 9.641
CUBIC 1 111 0 10 9.639
CUBIC 2 119 0 10 9.639
BBRv1 1 0 0 0 9.037
BBRv1 2 0 0 0 9.335
Fixed window 1 0 0 0 9.640
Fixed window 2 0 0 0 9.640

4.2. Bandwidth asymmetry sweep

Having established the baseline behavior under symmetric links, this section sweeps the reverse-path
bandwidth from 10 Mbps down to 33 kbps under DelAckCount =2, the default Linux configuration. Figure
4 shows the average goodput over the steady-state window (20-120 s) for all four configurations, while
Table 4 reports whole-run metrics (0-120 s). Under the fixed-window scheme, the average goodput re-
mains unchanged until the reverse path becomes severely constrained (100:1 and 300:1). At a 100 kbps
reverse link it achieved an average goodput of 5.36 Mbps, the lowest across all configurations at this rate,
and at 33 kbps it achieved 2.51 Mbps. This degradation stems mainly from the ACK clock. The fixed-win-
dow scheme triggered no forward-path losses and no RTOs, yet its sending rate is throttled by the ACK

arrival rate, as shown in Figures 4 and 5.
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Figure 4. Average goodput (20-120 s) versus reverse-link rate for each congestion control algorithm
including the fixed-window baseline.
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Once the connection starts, the fixed-window sender transmits its full window of 100 segments. Since
the forward path is set to 10 Mbps, it delivers the 100 segments in around 0.12 s, plus the propagation delay
of the access links. With DelAckCount = 2, the receiver generates one ACK for every two segments, so the
burst results in 50 ACK packets. Under a 100 kbps reverse link and around 54-byte ACK size, the reverse
link can carry at most around 231 ACKs/s. With each ACK releasing two segments of 1448 bytes, this caps
goodput at around 5.36 Mbps (ACK rate x segments per ACK x segment size), and the measured goodput
matches this ceiling to within 1% as shown in Table 4. The ACKs the burst generates beyond this drain rate
are buffered at the reverse queue, and these buffered ACKs then drive the sender: each ACK that leaves
the queue releases two segments, which generate exactly one new ACK to take its place. This forms a closed
loop of ACK-driven transmission at the rate of the reverse link, with a standing reverse queue that persists
for the connection's lifetime. However, at 33 kbps this loop no longer holds. The reverse queue cannot
absorb the ACKs generated by the window, so ACKs are dropped (Figure 5(b)) and the surviving cumu-
lative ACKs each cover more than two segments, lifting goodput to 2.51 Mbps against the 1.77 Mbps ceiling
that two-segment ACKs would impose. This acts as our reference case for the other CCAs as the reverse
queue is unsaturated, it isolates the pure ACK-clock effect at a fixed window of 100 segments, so any de-
viation by a real CCA, above or below, is attributable to its window dynamics rather than to the ACK path
itself. Once the reverse queue saturates, ACK losses will thin the acknowledgment stream, and each sur-
viving cumulative ACK acknowledges a larger block of data. Such thinned ACK streams are known to
alter CCA dynamics, producing burstier transmission [15, 25], which we observe for the adaptive CCAs

next.
. Table 4. Whole-run metrics (0-120 s) across the reverse-path sweep.
CCA Reverse Ratio Goodput (Mbps) Losses RTOs Spurious
rate (segment) retx
10 Mbps 1:1 9.59 100 0 0
1 Mbps 10:1 9.59 100 0 0
NewReno 200 kbps 50:1 9.57 100 0 0
100 kbps 100:1 9.55 82 0 0
33 kbps 300:1 4.00 44 1 45
10 Mbps 1:1 9.52 409 1 12
1 Mbps 10:1 9.52 409 1 12
CUBIC 200 kbps 50:1 9.02 300 1 1
100 kbps 100:1 9.51 161 0 0
33 kbps 300:1 7.75 330 8 742
10 Mbps 1:1 9.28 237 2 0
1 Mbps 10:1 8.94 158 1 0
BBRv1 200 kbps 50:1 8.97 242 1 0
100 kbps 100:1 9.08 0 0 0
33 kbps 300:1 1.72 0 0 0
10 Mbps 1:1 9.62 0 0 0
Fixed 1 Mbps 10:1 9.62 0 0 0
window 200 kbps 50:1 9.62 0 0 0
100 kbps 100:1 5.36 0 0 0
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Figure 5. Fixed-window under a (a) 100 kbps and (b) 33 kbps reverse link: (top) segments in-flight,
(bottom) forward and reverse queue occupancy.

NewReno achieved nearly identical average goodput, around 9.5 Mbps, across most of the reverse-
path sweep, dropping only at 33 kbps to 4 Mbps, still 59% higher than the fixed-window scheme's 2.51
Mbps. Unlike in the fixed-window scheme, each ACK in NewReno increases the congestion window and
therefore the sending rate. At 100 kbps, the reverse queue saturates at 25 packets, so ACKs return late and
thinned, and the window grows only as fast as the reverse link can deliver acknowledgments. This slows
window growth but not the steady-state goodput, as the window is already large enough to keep the for-
ward link saturated. Instead, the thinned ACK stream only prolongs each AIMD cycle, filling the forward
queue slowly, as shown in Figure 6(a). The flow, therefore, sustains 9.5 Mbps for the rest of the run.
NewReno collapsed only at 33 kbps, achieving 4 Mbps with a single RTO and 45 spurious retransmissions.
This is because after slow start overshoots and the sender enters fast recovery, it is unable to complete
recovery over the severely constrained reverse link, triggering the RTO and resetting the congestion win-
dow (cwnd) to 1. The sender then regrows cwnd through slow start until it reaches the reduced slow-start
threshold, at which point it enters congestion avoidance. From there, the window still increases, but only
as fast as the thinned ACK stream permits. At the same time, the reverse ACK queue inflates the RTT to
around 470 ms, which raises the window required to fill the pipe to roughly 390 segments, while cwnd
only reaches around 180 by the end of the run, as shown in Figure 6(b).

CUBIC achieved nearly identical average goodput to NewReno, around 9.5 Mbps, up to ~6% differ-
ence in favor of NewReno across the 10 Mbps, 1 Mbps, 200 kbps, and 100 kbps sweep points. However,
CUBIC suffered between 161 and 409 losses and at most one RTO per run at these points, with the majority
of losses occurring during startup at all but the 100 kbps point (Figure 7(a)). As in the baseline scenario,
CUBIC fails to exit slow start through HyStart [13] before overflowing the forward queue. At 33 kbps,
CUBIC achieved the highest average goodput among all four configurations, reaching 7.75 Mbps as seen
in Figure 7(b). This is a direct result of CUBIC's window growth function, which increases the window as
a function of time since the last loss rather than per ACK arrival as in NewReno. The growth schedule is
therefore largely insensitive to ACK thinning and to the inflated RTT (up to 480 ms), allowing CUBIC to
repeatedly refill the forward queue, roughly every 15 s, where NewReno could not refill it even once after
its loss episode. Nevertheless, since the reverse queue is saturated at 25 packets, ACK drops starve the
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ACK clock and cripple loss recovery, triggering an RTO on every epoch, 8 in total. The result is 742 spuri-
ous retransmissions, attributed primarily to RTO recovery as shown in Table 4.

BBRv1 achieved a lower average goodput than NewReno and CUBIC, ranging from 8.94 to 9.28 Mbps
across the 10 Mbps, 1 Mbps, 200 kbps, and 100 kbps sweep points, and lower than the fixed-window across
the 10 Mbps, 1 Mbps, and 200 kbps points. Under 100 kbps, BBRv1 achieved an average goodput of 9.08
Mbps. This is, in fact, the result of the inflated rate samples we observed in the baseline scenario. Here,
however, the aggregation is compounded by ACK loss as the saturated reverse queue drops many ACKs,
each surviving ACK cumulatively acknowledges the segments covered by the lost ones. These aggregated
ACKs inflate individual delivery-rate samples, causing the BtIBw max filter to latch onto them. Unlike the
baseline scenario, the inflated estimate does not build a queue at the bottleneck. This is because ACKs
return slowly, so unacknowledged data quickly reaches the sending limit set by the target cwnd, and the
sender can only transmit when an ACK arrives and frees space in the window. Once BBRv1 has injected a
full window of data into the network, its sending is no longer driven by the pacer but clocked by returning
ACKs, just like the fixed-window behavior.

Unlike the 100 kbps scenario, under 33 kbps the reverse link did not drop any ACKs, and therefore
the phenomenon where aggregated ACKs inflate BBRv1's rate samples does not occur. This is a result of
BBRv1's own in-flight cap, as the ACK rate falls, so does the BtIBw estimate, along with the bound on data
in-flight. The throttled sending rate produces an ACK stream slow enough that the reverse queue never
approaches saturation, hovering around 10 of its 25 packets, as seen in Figure 8(b). Since BBRv1's delivery-
rate samples are computed from ACK arrivals, and no sample inflation occurs, BBRv1 converges onto the
ACK-clock ceiling of the reverse link, reaching 1.72 Mbps against a ceiling of 1.77 Mbps. Overall, at 33 kbps
BBRv1 achieved the lowest average goodput among all four configurations, as the only one that never
escaped the ceiling through ACK thinning.
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Figure 6. NewReno under a (a) 100 kbps and (b) 33 kbps reverse link: (top) segments in-flight, (bot-
tom) forward and reverse queue occupancy.
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Figure 8. BBRv1 under a (a) 100 kbps and (b) 33 kbps reverse link: (top) segments in-flight, (bottom)
forward and reverse queue occupancy.

While a minimum of 4 Mbps is recommended for a solo primary care practice, including standard-
definition video consultation, 10 Mbps is the minimum recommendation for rural health clinics [35]. Under
mild asymmetry, all three CCAs sustain goodput near this level. However, under severe asymmetry
(300:1), only CUBIC approaches the rural clinics' recommended threshold, achieving an average goodput
of 7.75 Mbps. CUBIC still exceeded the solo-practice recommendation, while NewReno sat at the threshold
with 4.00 Mbps. However, throughput alone does not determine service quality. CUBIC achieved the high-
est goodput by saturating the forward queue, resulting in repeated RTOs and inflated delays, both of which
can impact the quality of interactive consultation services. BBRv1 reduced the forward delay but also re-
duced throughput, achieving an average goodput of 1.72 Mbps, below either recommendation [35]. None-
theless, the minimum achieved forward capacity across CCAs far exceeds the rate needed to deliver voice-
based consultations. Similarly, vital data monitoring, such as ECG and blood pressure monitoring, requires
only up to 20 kbps [36], though such data travel on the constrained reverse path rather than the forward
path measured here.

5. Conclusions

Motivated by the limitations of rural access technologies for telemedicine, this paper revisited the
bandwidth asymmetry problem and evaluated its impact on three CCAs, NewReno, CUBIC, and BBRv],
using the ns-3.47 simulator. In addition, a fixed-window sender scheme was used to serve as a reference
case, isolating the pure ACK-clock effect and matching the derived ceiling to within 1% at 100:1 and ex-
ceeding it at 300:1 only through ACK thinning, so any deviation by the CCAs is attributable to their win-
dow dynamics rather than the ACK path itself. All three CCAs tolerated low-to-moderate asymmetry (up
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to 100:1) with minimal goodput loss. Both NewReno and CUBIC sustained between 9.0 and 9.6 Mbps,
while BBRv1 achieved around 8.9 to 9.1 Mbps across the 10:1 to 100:1 sweep points. However, under severe
asymmetry (300:1), CUBIC achieved the highest average goodput at 7.75 Mbps. This is credited to its win-
dow growth function, which increases the window as a function of time and therefore makes it largely
insensitive to ACK thinning and inflated RTT. NewReno, on the other hand, grows its window per ACK
arrival through AIMD, which makes it vulnerable to the thinned ACK stream and inflated RTT. As a result,
NewReno achieved an average goodput of 4 Mbps. BBRv1 achieved only 1.72 Mbps because its target
congestion window throttled its sending rate, leaving it to operate under the reverse link's ACK-clock ceil-
ing. Beyond the asymmetry sweep, the results show that even with symmetric links, BBRv1 is affected by
delayed ACKs, which inflate its delivery-rate samples, resulting in a steady-state goodput of 9.335 Mbps
versus 9.037 Mbps under per-segment ACKing. In telemedicine terms, none of the CCAs sustained the 10
Mbps recommended for rural health clinics under severe asymmetry, and only CUBIC approached it. Both
CUBIC and NewReno remained at or above the 4 Mbps solo-practice recommendation, while BBRv1 fell
below either recommendation. Nonetheless, even the lowest achieved goodput far exceeds the rate needed
for voice-based consultations.

The evaluation in this paper used a single flow over one dumbbell topology, with the sweep con-
ducted under the default delayed ACK setting. Therefore, the findings should be read within the limits of
our experimental design. Future work will address these limits by extending the evaluation to more net-
work settings and to newer BBR versions such as BBRv2 and BBRv3. In addition, future work will investi-
gate modern transport protocols such as QUIC, which incorporates different reliability and acknowledg-
ment mechanisms from TCP. Finally, these results motivate receiver-side acknowledgment strategies that
could mitigate some of the asymmetry effects observed in TCP.
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