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Abstract

Packet buffers are critical for absorbing congestion and sus-
taining throughput in high-speed routers. As link rates es-
calate, on-chip SRAM alone can no longer provide suf-
ficient capacity. To address this, modern routers widely
adopt hybrid buffer architectures that augment limited on-
chip SRAM with large off-chip DRAM. Despite this archi-
tectural promise, existing hybrid Buffer Management (BM)
schemes severely undermine router performance. They sim-
ply redirect packets that would otherwise be dropped into
DRAM, which leads to priority inversion and head-of-line
blocking: as packets buffered in DRAM age into the highest-
priority packets, SRAM must stall until they are retrieved,
wasting bandwidth and degrading throughput. Worse still,
existing BM schemes ignore DRAM’s access characteristics,
further constraining its limited bandwidth and reducing over-
all performance dramatically.

We present Themis, a hybrid buffer management scheme
that fully exploits SRAM’s high bandwidth and DRAM’s
large capacity. Its core principle is scheduling-aware packet
placement, which ensures packets with the earliest depar-
ture time are preferentially stored in SRAM to maximize
its bandwidth utilization. To achieve this, Themis proac-
tively migrates buffered packets between SRAM and DRAM,
reserving SRAM space for imminent, high-priority traffic.
Themis is compatible with diverse scheduling algorithms
and supports dynamic changes to the scheduling policy. It
also organizes DRAM storage according to scheduling or-
der, mapping consecutively departing packets to contiguous
addresses. This unlocks effective off-chip bandwidth and ac-
celerates packet migration. Themis is hardware-friendly, and
its FPGA and ASIC prototypes achieve low overhead and
high frequency. Large-scale simulations show that Themis
improves end-to-end performance by up to 2.6×.

∗Corresponding author: xuy@fudan.edu.cn

1 Introduction

In recent years, network bandwidth has surged to 100 Gbps
and beyond [2], with commercial chips now supporting 400
Gbps ports [25]. Accordingly, packet buffers must provide
sufficient speed and capacity to keep up with line rates. On-
chip SRAM is fast but limited in capacity, expensive, and
power-hungry, whereas off-chip DRAM provides large ca-
pacity but suffers from high latency. No single storage
medium can satisfy all the requirements of packet buffers.
To bridge this gap, modern routers adopt hybrid buffer ar-
chitectures that combine SRAM and DRAM to leverage the
strengths of both. Hybrid buffering has become the dominant
trend in high-performance routers for campus and wide-area
networks, as seen in Broadcom Jericho [15], Cisco Silicon
One [18], and Huawei CloudEngine [24].

For hybrid buffers, several Buffer Management (BM)
schemes have been proposed [27, 28, 31–34, 44, 49]. Lately,
mainstream solutions—those adopted in chip designs [15,
24]—primarily rely on thresholds to decide whether pack-
ets are placed in SRAM or DRAM, differing only in how
these thresholds are calculated. Their central idea is to use
DRAM as overflow space for packets that SRAM would oth-
erwise drop. While this philosophy is straightforward and
simple to implement, it often fails to realize the performance
advantage of hybrid buffers. Specifically, high-priority pack-
ets may end up in off-chip DRAM, thus constraining the
egress bandwidth, while low-priority packets remain in on-
chip SRAM, occupying scarce on-chip resources that cannot
be released in time.

Such a priority inversion problem leads us to reflect: BM
essentially treats all flows uniformly, penalizing long queues
and diverting their subsequent packets to DRAM. However,
packet scheduling pursues the opposite goal: differentiated
service to ensure Quality of Service (QoS), as evidenced by
the wide variety of scheduling algorithms [8,14,19,42]. This
brings a fundamental contradiction: BM decides admission,
scheduling decides departure, whereas fairness-based ad-
mission cannot adequately support differentiation-based
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departure. As a result, flows that are prioritized by the
scheduler receive no preference at admission, and their ad-
ditional packets are forced to be served from a lower-priority
storage medium. Yet these high-priority flows are often the
ones most sensitive to delay.

While some recent approaches [4] recognize this issue and
attempt to approximate scheduling awareness by allocating
thresholds based on drain rates, these are reactive and lim-
ited. In dynamic conditions, they often fail to protect high-
priority flows at the right moment. At the same time, funda-
mentally solving this problem requires considering another
limitation: BM is an online algorithm that must decide a
packet’s storage location immediately upon arrival. How-
ever, the impact of this decision persists until the packet
is transmitted. This means that a high-priority packet ad-
mitted to SRAM may occupy space needed later by an even
higher-priority packet, forcing the latter into DRAM. Since
the future cannot be predicted, such misplacements appear
unavoidable, ultimately leading to the head-of-line blocking
problem.

At the execution level, another problem in hybrid BM be-
comes apparent: DRAM, as the bandwidth bottleneck of
the entire hybrid buffer, exhibits a strong dependence
of its performance on the access pattern. On the latest
DRAM technology, High-bandwidth Memory (HBM) [1],
this dependence is even more pronounced—without favor-
able access patterns, the achievable bandwidth can fall far
short of its nominal bandwidth. However, in packet buffer
scenarios, consecutively arriving packets are not transmitted
in sequence, making it difficult to sustain efficient access pat-
terns.

To address the three critical problems outlined above
and unlock the true advantages of hybrid buffers—offering
both low latency and large capacity—we present Themis,
a scheduling-aware buffer management design for hybrid
buffers. Themis leverages the notion of rank in the pro-
grammable scheduling model PIFO [43] to elegantly unify
the semantics of BM and scheduling. In Themis, every buffer
management action is guided by packet rank, ensuring that
earlier-departing packets are stored in low-latency storage.
Moreover, Themis actively adjusts the placement of already
buffered packets, enabling proactive correction and avoiding
the traditional predicament where blocking is resolved only
by natural draining. At the same time, by exploiting rank,
Themis groups consecutively departing packets into contigu-
ous memory locations and performs HBM accesses in batch
mode, maximizing effective HBM bandwidth.

More importantly, Themis is not just a theoretical pro-
posal. Beyond demonstrating strong theoretical perfor-
mance, Themis delivers a complete and high-performance
hardware implementation. Specifically, it analyzes the op-
erations already supported in the Traffic Manager (TM) and
the new operations required by Themis, identifies their over-
lap, and reuses existing hardware modules to realize the full

functionality of Themis at minimal additional cost. We have
implemented the Themis-enabled TM framework on FPGA
and conducted testbed experiments on this prototype. In ad-
dition, large-scale network simulations have been performed
in ns-3. Results show that Themis achieves significant per-
formance gains.

We summarize the contributions of this paper as follows:

• We identify three key problems of existing hybrid buffer
management: priority inversion, head-of-line blocking,
and inefficient HBM bandwidth utilization.

• We propose Themis, a scheduling-aware buffer man-
agement design that unifies BM and scheduling via
packet rank, corrects misplacements proactively, and
maximizes HBM bandwidth through batch access.

• We deliver a high-performance hardware implementa-
tion of Themis at minimal additional cost by introduc-
ing the BM-SCH Unified Model in the TM, which elim-
inates unnecessary memory access overhead.

• Our extensive experiments demonstrate that at the mi-
cro level, Themis achieves up to 30% fewer packet
drops, 2.1× higher on-chip hit rates for packet de-
queues, 43% greater egress utilization, and 46% higher
HBM throughput; at the macro level, Themis reduces
Flow Completion Time (FCT) by a factor of 2.6.
The project is available at https://github.com/Themis-
Source/Themis.

2 Background
2.1 Buffer Management
A hybrid buffer consists of on-chip SRAM and off-chip
DRAM. On-chip SRAM has limited capacity and cannot
hold many packets, while off-chip DRAM has slower access
speed and cannot keep up with line rate. Therefore, an appro-
priate BM policy is required to decide which packets should
stay on-chip and which should be placed off-chip. Existing
hybrid BM schemes can be broadly categorized into two ap-
proaches.

The first approach mandates that all packet dequeues oc-
cur from SRAM in order to sustain full link utilization. It
mainly has two implementations. The first implementa-
tion places the head-of-line packet from every queue into
SRAM [27, 28]. As a result, the required SRAM size scales
with the number of queues. In systems with a large num-
ber of queues, this implementation quickly becomes imprac-
tical: for example, in Broadcom’s BCM88800 [15], which
supports up to 128K VOQs, it would require nearly 5 GB
of SRAM—far beyond the capacity of modern silicon. The
second implementation directly dequeues packets from each
flow according to a fixed pattern (e.g., round-robin) [34, 44].
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Figure 1: Spillover-Only Hybrid Buffer Architecture.

While this implementation ensures that all dequeued pack-
ets come from SRAM with reduced SRAM demand, it com-
pletely ignores the scheduling algorithm, and the intended
QoS guarantees cannot be achieved. Overall, the first ap-
proach has low feasibility in modern router designs.

The second approach, as illustrated in Figure 1, desig-
nates on-chip SRAM as the primary buffer and treats off-chip
DRAM purely as an overflow region [15, 24, 32]. Packets
first enter SRAM, and when the length of a queue in SRAM
exceeds a threshold, all subsequent packets arriving at that
queue are directly spilled over into DRAM. Packets identi-
fied for spillover make only a brief stop in SRAM before be-
ing immediately directed to DRAM, and in the following dis-
cussion these packets are also described as packets directed
to DRAM or packets written to DRAM. We term this class of
methods spillover-only hybrid BM. Owing to its design sim-
plicity, predictable behavior, and feasibility for hardware im-
plementation, this spillover-only approach has been adopted
in commercial switch chips from leading vendors such as
Broadcom [15] and Huawei [24]. Our subsequent analysis
will primarily focus on this approach.

2.2 HBM
Modern high-performance network systems, including pro-
grammable switches and routers, are fundamentally con-
strained by memory bandwidth. As port speeds reach
400 Gbps and beyond, packet processing pipelines must
buffer and access packets at line rate, placing extreme de-
mands on memory subsystems. Conventional DDR [30],
though cost-effective, often becomes a bandwidth bottleneck
due to limited pin count and modest data transfer rates.

HBM [1] has emerged as a key enabling technology to
overcome these limitations. HBM is a 3D-stacked DRAM
standard, integrating multiple memory dies vertically via
through-silicon vias [39] (TSVs). Its wide interface—
typically 1024-bit or 2048-bit per stack—delivers much
higher bandwidth than DDR while operating at lower fre-
quencies, improving energy efficiency [29, 46]. In network-
ing, HBM has been adopted in cutting-edge routing chips as
a high-performance off-chip packet buffer [15].

3 Motivation

In this section, we expose the limitations of existing hybrid
BM schemes, analyze their root causes, and clarify the key

challenges in addressing them. Our analysis is presented
from two perspectives: the policy perspective, which con-
cerns the correctness and suitability of BM decisions, and
the execution perspective, which concerns the efficiency of
enforcing these decisions on SRAM/DRAM in terms of read
and write performance.

3.1 Limitations of Existing Schemes: Policy
Perspective

As a scheme that has been adopted in commercial router
chips, spillover-only hybrid BM is simple and intuitive.
However, it suffers from two critical issues: priority inver-
sion and head-of-line blocking. We demonstrate these prob-
lems in §3.1.1 and §3.1.2, respectively.

3.1.1 Inter-Flow Priority Inversion

Consider the scenario shown in Figure 2 (a): for a single out-
put port, there are three queues corresponding to blue, yel-
low, and gray flows. The scheduling algorithm is defined as
follows: the blue flow has strict priority over the yellow and
gray flows, while the yellow and gray flows equally share
the remaining bandwidth. For clarity, we assume all packets
have the same size.

Starting from an empty buffer, packets from the three
flows arrive in sequence, with the number on each packet
indicating its order within the flow. As shown in Figure 2
(b), because the blue flow has more arrivals, it is the first
to trigger the threshold under spillover-only hybrid BM. Al-
though different implementations may calculate thresholds
differently, they share two common properties: (1) a flow
with a larger backlog triggers the threshold earlier, and (2)
the threshold reserves a portion of the on-chip buffer to ac-
commodate potential new flows that have not yet arrived.
Consequently, subsequent packets of the blue flow are writ-
ten into off-chip DRAM, while packets of the yellow and
gray flows continue to be admitted into on-chip SRAM.

At this point, the scheduler, following the predefined
scheduling algorithm, always serves the blue flow first when
dequeuing.1 Thus, as shown in Figure 2 (c), once the blue
packets in on-chip SRAM are transmitted, the scheduler con-
tinues to fetch blue packets from off-chip DRAM. During
this period, the port’s effective throughput is limited by off-
chip DRAM read bandwidth, which cannot keep up with the
line rate of the output port. However, SRAM in fact has suf-
ficient capacity to hold these packets.

We refer to this phenomenon as the priority inversion
problem. Its immediate cause lies in BM making incorrect

1Packet arrival and departure occur simultaneously in real systems. Dur-
ing congestion buildup, the packet arrival rate exceeds the departure rate,
leading to a positive queue growth; whereas during queue draining, the de-
parture rate exceeds the arrival rate, leading to a negative queue growth. In
the examples of this paper, for clarity, we describe arrival and departure
separately. This treatment does not affect the final conclusion.
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Figure 2: Inter-Flow Priority Inversion.

decisions about packet placement. In the example, packets 7–
11 of the blue flow are mistakenly placed in off-chip DRAM.
More fundamentally, regardless of the specific threshold al-
gorithm used, spillover-only hybrid BM essentially assigns
and adjusts thresholds based on the observed states of flows,
in order to prevent any single flow from occupying excessive
buffer space. By “observed states”, we mean that flows are
not inherently different; only their runtime behavior leads to
the assignment of different thresholds.

However, from the perspective of the network as a whole,
flows often need to be differentiated a priori, so as to meet
their respective QoS requirements and maximize network
resource utilization. Such differentiated requirements are
common in practice. For example, in multi-tenant scenar-
ios, traffic from VIP tenants is typically given higher priority
than that of regular tenants; in distributed machine learning
scenarios, inference traffic usually requires higher priority
than training traffic. These differentiated requirements are
reflected, at the router’s micro level, through the schedul-
ing algorithms in the traffic manager. In the traffic man-
ager, the packet scheduler handles packet departures, while
BM handles packet arrivals. When BM operates under the
premise of inherent fairness across flows, while the scheduler
aims to provide differentiated services, conflicts inevitably
arise. In the example, the blue flow—highest in priority from
the scheduler’s perspective—does not receive corresponding
preferential treatment in BM decisions. As a result, packets
that should have been prioritized during departure are instead
placed, at arrival, into a lower-priority storage medium (i.e.,
off-chip DRAM), ultimately leading to priority inversion.

3.1.2 Intra-Flow Head-of-Line Blocking

In the previous subsection we discussed the problem across
flows. We now consider a simpler scenario: as shown in
Figure 3 (a), a single output port maintains only one queue
corresponding to the blue flow. For simplicity, we again as-
sume all packets have the same size. Starting from an empty
buffer, packets of the blue flow arrive sequentially, trigger-
ing the threshold. Once the threshold is reached subsequent
packets of the blue flow are written into off-chip DRAM.

For a single flow, the scheduler serves packets in order
of arrival. Consequently, head packets stored in SRAM are

gradually transmitted. Since SRAM experiences only depar-
tures, as Figure 3 (b) illustrates, the queue length decreases
below the threshold, and newly arriving packets are then ad-
mitted into SRAM. This process continues: head packets de-
part to free space, and new packets occupy the freed space.
Eventually, as shown in Figure 3 (c), all packets present in
SRAM when the threshold was first triggered have departed,
and only newly arrived packets remain on-chip.

At this point, the packets that were initially spilled to off-
chip DRAM because they were at the tail have now become
the head of the flow. As a result, the scheduler continuously
fetches packets from off-chip DRAM. We face the same
problem again: during this period, because off-chip DRAM
bandwidth cannot match the output line rate, the effective
throughput of the port is limited by the access speed of off-
chip DRAM. Even worse, the packets remaining in SRAM at
this moment are all tail packets of the flow. These tail packets
are retained on-chip, occupying valuable SRAM space and
unable to depart until the head packets in off-chip DRAM
have all been transmitted, thereby reducing the buffer’s abil-
ity to absorb traffic from other flows.

We refer to this phenomenon as the head-of-line block-
ing problem. It is important to note that its cause is differ-
ent from that of the priority inversion problem. In the exam-
ple, BM’s decisions about packet placement are not incorrect.
Throughout the process, whenever on-chip SRAM becomes
congested and packets must be written to off-chip DRAM,
the packets selected are always those that, according to the
scheduling algorithm, should be transmitted last among the
current backlog. Choosing any other packets to spill would
only cause off-chip transmissions to occur even earlier.

This raises a key question: why can correct decisions still
lead to undesirable outcomes? The answer lies in the fact
that spillover-only hybrid BM makes one-time placement de-
cisions only when packets arrive, and then does not revisit
them, leaving its control ability fundamentally insufficient.
BM decisions are made at the moment of arrival, yet their
consequences persist into the future. As a result, a choice
that appears entirely reasonable at the time may later evolve
into an adverse outcome.

Furthermore, the operation of a router requires that its
ports continuously receive incoming packets, while the
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Figure 3: Intra-Flow Head-of-Line Blocking.

router has no knowledge of future arrivals. BM algorithms
must therefore make immediate decisions without foresight.
Hence, simply refining the decision algorithm alone cannot
resolve the head-of-line blocking problem.

3.2 Limitations of Existing Schemes: Execu-
tion Perspective

The problems identified in §3.1 ultimately lead to perfor-
mance degradation, mainly because DRAM bandwidth is
limited. Unlike SRAM, whose bandwidth is high and stable,
DRAM has lower bandwidth, and its bandwidth varies signif-
icantly with access patterns. In the latest DRAM technology,
HBM, although bandwidth has been greatly increased, it still
cannot fully sustain line-rate processing; moreover, its effec-
tive bandwidth exhibits an even stronger dependence on ac-
cess patterns. Therefore, compared to single BM, which only
involves SRAM, studying hybrid BM with HBM requires
the execution perspective, which focuses on the efficiency of
read and write operations on the underlying storage medium.

In the Appendix A, we analyze the read/write performance
of HBM. Overall, to fully exploit HBM’s bandwidth, ac-
cesses to HBM need to satisfy two requirements: (1) spa-
tial continuity, i.e., accessing consecutive addresses, and (2)
temporal continuity, i.e., consecutively performing accesses
of the same type to avoid frequent switches between reads
and writes. However, existing hybrid BM schemes clearly do
not consider these two aspects. Consider the scenario with
the same configuration as in §3.1.1. As Figure 4 illustrates,
according to the scheduling algorithm, the next three pack-
ets scheduled to depart are packets 7, 8, and 9 of the blue
flow in DRAM. These three packets do not reside at contigu-
ous addresses in DRAM, which means the subsequent three
reads are spatially discontinuous. Moreover, if during these
three packet departures new packets arrive and are directed to
DRAM for storage, then a write access must be interleaved
between the reads, so temporal continuity is also not satis-
fied. Under such an access pattern, DRAM read/write per-
formance degrades further, ultimately significantly reducing
the effective throughput at the output port.
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Figure 4: Spatial and Temporal Discontinuous Accesses.
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Figure 5: Programmable Scheduling with the PIFO Model.

4 Themis

To address the problems identified in §3, the key is to find
an abstraction that captures the semantics of scheduling al-
gorithms. Ideally, such an abstraction should be simple and
intuitive, while remaining applicable to different types of
scheduling algorithms. The popular programmable sched-
uler model Push-In First-Out (PIFO) [43] provides such an
opportunity. As shown in Figure 5, its key idea is that pack-
ets are assigned a rank upon arrival and placed into a priority
queue, and departures always take the packet with the small-
est rank. By changing the rank computation function, PIFO
can implement a variety of scheduling algorithms. For ex-
ample, by ranking packets with the virtual finish time, PIFO
can implement WFQ [19]; by ranking packets with a priority
level, PIFO can implement SP.

The rank in the PIFO model naturally serves as the ab-
straction we need. Building on this abstraction, we design
Themis, a scheduling-aware hybrid BM. We begin in §4.1 by
describing Themis’s design and architecture. In §4.2, we ex-
amine its behavior in the representative scenarios introduced
earlier. The discussions are summarized in §4.3.
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4.1 Design of Themis

Unlike prior approaches that manage buffers at the granular-
ity of queues and assign thresholds to each queue, Themis
discards the queue abstraction and instead manages buffers
directly at the granularity of individual packets. At this level,
Themis’s decisions are made directly based on packet ranks.
Since packets within the same flow inherently have an in-
herent rank order, this design does not introduce reorder-
ing problems. From an implementation perspective, routers
physically contain only a single unified on-chip SRAM; the
notion of multiple queues is purely a logical abstraction that
requires extra data structures to maintain. By eliminating
queues, Themis better matches the actual hardware structure
and avoids unnecessary complexity. We revisit this point in
more detail in §5 when discussing hardware design.

At a high level, Themis is a unified buffer management
scheme, as shown in Figure 6, that operates over a hybrid
buffer composed of a small on-chip SRAM and a large
off-chip DRAM. Incoming packets are admitted into either
SRAM or DRAM based on their rank, and Themis dynam-
ically adjusts their placement between the two tiers. Im-
portantly, all DRAM-related operations in Themis are per-
formed in units of batches, whose size (batch size) is defined
as the minimum amount of contiguous data required to fully
utilize HBM’s read/write bandwidth. Specifically, the batch
size depends on the actual HBM parameters, which we ana-
lyze in detail in Appendix A. For ease of illustration, the ex-
amples in this section use a batch size equal to three packet
sizes. Built on this abstraction, Themis provides three key
primitives—admission, swap-out, and swap-in—which we
describe below.

Admission. Themis maintains a global record of the small-
est rank currently stored in DRAM; when DRAM is empty,
this value is set to infinity. Upon arrival, a new packet com-
pares its rank with this record: if smaller, it is admitted into
SRAM; otherwise, it is designated for DRAM. Packets des-
tined for DRAM are not written immediately. Instead, they
are first placed into a temporary buffer that accumulates up to
batch size packets, implemented in SRAM or registers with
line-rate read/write capability. Packets in this buffer are then
written to DRAM as a batch and stored in contiguous ad-
dresses. Notably, writes are triggered on arrival: when the

first packet is being written and the write instruction of the
second arrives immediately after, the two are merged into
contiguous writes in DRAM; if the first write completes be-
fore the second arrives, this indicates that DRAM bandwidth
is not the bottleneck at that instant.

Swap-Out. During congestion buildup, as more packets
are admitted into SRAM, occupancy increases. To ensure
space for future high-priority packets, Themis defines a
swap-out watermark in SRAM. When occupancy exceeds
this watermark, Themis triggers a swap-out operation, proac-
tively evicting low-priority packets from SRAM. Specifi-
cally, Themis selects batch size packets with the largest
ranks—i.e., the least urgent packets—and forms a batch that
is written into DRAM at contiguous addresses. The config-
uration of this watermark will be discussed in detail in Ap-
pendix B. It is worth noting that, unlike prior methods which
must reserve a certain amount of SRAM to accommodate
potential new flows, Themis only needs to reserve a minimal
amount of space. If a new flow is high-priority, its packets
naturally enter SRAM and evict lower-priority packets; if it
is low-priority, placing its packets in DRAM is precisely the
intended behavior.

Swap-In. During congestion draining, as packets depart
from SRAM, occupancy decreases. To avoid the sched-
uler stalling when high-priority packets are only available
in DRAM, Themis defines a swap-in watermark. When oc-
cupancy falls below this watermark, a swap-in operation is
triggered to proactively bring back packets from DRAM.
Themis selects the batch with the smallest representative
rank—that is, the most urgent batch—and loads it into
SRAM in its entirety. Here, rank is a property of pack-
ets; since a batch contains multiple packets, Themis assigns
the smallest rank within the batch as its representative rank.
Only representative ranks are compared across batches, and
the batch with the smallest representative rank is chosen for
swap-in. The configuration of the swap-in watermark will
also be detailed in Appendix B.

Together, these three primitives define the complete life-
cycle of a packet in Themis: on arrival, a packet is admitted
into SRAM or DRAM based on its rank; as SRAM occu-
pancy approaches its limit, high-rank packets are swapped
out in batches to DRAM; and as SRAM is gradually drained,
the most urgent batch in DRAM is swapped back in.

4.2 Behavior of Themis
In the previous section, we introduced the overall design of
Themis and its three key primitives. Next, we revisit the rep-
resentative scenarios discussed in §3 to intuitively demon-
strate how Themis performs in them.

4.2.1 Correct Decisions: Rank-Based Admission

In the scenario of §3.1.1, spillover-only hybrid BM, due to
queue-based thresholds, places part of the blue flow pack-
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Figure 7: Themis Behavior in Challenging Scenarios.

ets into off-chip DRAM, forcing the scheduler to fetch high-
priority packets from DRAM. In Themis, as shown in Fig-
ure 7 (a), the numbers on the packets no longer indicate their
order within the flow but instead represent their rank in the
PIFO model. Consequently, the high-priority blue flow is
assigned smaller ranks, while the lower-priority yellow and
gray flows receive larger ranks. These larger ranks increase
in an interleaved manner, indicating that the yellow and gray
flows equally share the remaining bandwidth. Packets of the
blue flow, having smaller ranks, are always admitted into on-
chip SRAM, while packets of the yellow and gray flows are
more often directed to DRAM. As a result, the scheduler can
continuously obtain blue flow packets from SRAM for trans-
mission.

The core difficulty in addressing priority inversion lies in
making BM decisions faithfully reflect scheduling seman-
tics. In the traditional BM framework, this requires de-
signing and maintaining complex threshold algorithms for
different queues, and these thresholds are tightly coupled
to specific scheduling policies—once the scheduling algo-
rithm changes, the threshold algorithm must also change
accordingly. Themis breaks this limitation: it bases ad-
mission on packet departure order (rank) and discards the
queue abstraction. Since rank is itself the semantic measure
used by scheduling algorithms, admission decisions are natu-
rally aligned with the scheduling semantics; meanwhile, dis-
carding queues means that only a single global threshold is
needed, which is decoupled from specific scheduling poli-
cies. Through this design, Themis ensures that BM is strictly
aligned with scheduling semantics while keeping the imple-
mentation simple and general.

4.2.2 Active Management: Dynamic Swapping

In the scenario of §3.1.2, spillover-only hybrid BM eventu-
ally results in a distribution where, within a single flow, the
middle packets are placed in off-chip DRAM while the tail
packets remain in on-chip SRAM. As a result, once the head
packets in SRAM have been transmitted, the scheduler has
to fetch the middle packets from DRAM for an extended pe-
riod; meanwhile, the tail packets remain stuck in SRAM. In

Themis, as shown in Figure 7 (b), newly arriving tail packets
are written into DRAM—even when free space is available
in SRAM—thereby allowing SRAM space to be gradually
released. As shown in Figure 7 (c), when SRAM occupancy
falls below the swap-in watermark, the middle packets are
proactively brought back from DRAM, enabling the sched-
uler to continue transmitting directly from SRAM.

The key difficulty in addressing the head-of-line block-
ing problem lies in the limited control of BM, which con-
fines placement decisions to the moment of packet arrival.
Themis overcomes this limitation by introducing dynamic
swapping, granting BM the ability of proactive management.
The swap-out and swap-in primitives operate continuously
to reshape the distribution of packets between SRAM and
DRAM: when occupancy exceeds the swap-out watermark,
the packets with the largest ranks are evicted in batches to
DRAM; when occupancy drops below the swap-in water-
mark, the packets with the smallest rank are brought back
to SRAM. In this way, SRAM content is continuously ad-
justed with congestion buildup and draining, ensuring it al-
ways holds the most urgent packets, while DRAM efficiently
stores those deferred for later processing.

4.2.3 Efficient Access: Batch-Based Operations

In the scenarios of §3.1.1 and §3.1.2, DRAM accesses under
spillover-only hybrid BM are fragmented and fine-grained,
which further aggravates the bandwidth bottleneck. In con-
trast, as shown in Figure 7, all DRAM accesses in Themis
are carried out in batches: on writes, packets are collected
into a batch and written sequentially to contiguous addresses;
on reads, the entire batch is read out in one operation. The
key difficulty in achieving efficient DRAM access lies in
the lack of spatial and temporal locality in packet buffer-
ing. In Themis, the mechanisms introduced to solve the
first two problems—Rank-Based Admission and Dynamic
Swapping—also naturally overcome this limitation.

Along the spatial dimension, by leveraging ranks, Themis
aligns packet organization with scheduling semantics, group-
ing packets with similar ranks into batches: for DRAM, a
batch written via swap-out consists of the packets with the
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largest ranks currently in SRAM, while a batch written via
admission consists of packets with ranks greater than the
record maintained in Themis. In both cases, packets within
the same batch have been classified or filtered so that they
are close in scheduling order and placed into contiguous ad-
dresses, thereby actively constructing spatial locality.

Along the temporal dimension, through the swap-in and
swap-out operations, Themis transforms DRAM accesses
from originally random and passive interleaving into ordered
and proactive operations. As a result, Themis can bundle
read and write operations into batches, thereby actively con-
structing temporal locality.

4.3 Discussions

Impact of Swap-In/Out. A natural question is whether
the swap-in and swap-out primitives in Themis interfere
with normal buffer operations (i.e., packet arrivals and de-
partures), and whether they consume SRAM bandwidth that
should be used for these operations.

First, in terms of execution priority, Themis ensures that
swap-in/out always have strictly lower priority than arrivals
and departures. Swapping is performed only when it does
not interfere with them. Moreover, the swap process is pre-
emptible: if a new arrival or departure occurs during swap-
in/out, the swap is immediately interrupted. This design is
consistent with the approach taken in Occamy [41].

Second, regarding SRAM bandwidth usage, the swap
primitives exploit only residual bandwidth. Take swap-out,
which consumes read bandwidth, as an example: its pur-
pose is to prevent SRAM from becoming overly occupied.
When the packet arrival rate exceeds the departure rate, there
is spare read bandwidth at the SRAM output, which can be
used for swap-out. Conversely, when the packet arrival rate
is less than or equal to the departure rate, SRAM occupancy
will not keep growing, so swap-out is not urgent and can be
paused or delayed without affecting performance. A similar
reasoning applies to swap-in.

Packet Loss. Compared to a buffer with only on-chip
SRAM, a hybrid buffer is more effective in absorbing bursty
traffic. However, due to the limited off-chip DRAM band-
width, packet drops are unavoidable. In Themis, packet loss
only occurs in the following two scenarios: (1) For pack-
ets designated for off-chip DRAM upon arrival, Themis first
places them into a temporary buffer. The write-in rate of
this buffer is determined by the packet arrival speed, while
the read-out rate is constrained by DRAM bandwidth and is
typically slower. Once the buffer is full, newly arriving pack-
ets will be directly dropped. (2) When the swap-out water-
mark is reached, Themis moves data from SRAM to DRAM.
However, since DRAM write speed is relatively low and new
packets may continue entering SRAM at a faster rate, SRAM
occupancy can keep increasing even during an ongoing swap-
out. When SRAM is about to be completely filled while the

current swap-out has not yet finished, Themis directly drops
a batch of the highest-rank packets to free up space.

Overall, the packet dropping policy of Themis is as fol-
lows: from the perspective of SRAM, all dropped packets
always have higher rank than any packet that remains in
SRAM, ensuring that SRAM consistently retains the most
important data. From the perspective of DRAM, the sys-
tem adopts a best-effort policy for low-priority packets: it
stores them whenever possible, but packets that exceed the
limited DRAM write bandwidth are inevitably discarded. In
this way, the system can still achieve priority-aware trade-
offs under resource constraints.

Due to space limitations, we place the remaining discus-
sion in Appendix B. Specifically, it covers: (1) the on-chip
dequeue hit rate metric and its implications for output link
utilization; and (2) guidance on setting the swap-in and swap-
out watermarks, which reflects the trade-off between burst
absorption capability and on-chip dequeue hit rate.

5 Implementing Themis in Hardware

In this section, we describe how Themis is implemented
within the traffic manager. §5.1 gives background, §5.2 ana-
lyzes the operation of Themis primitives, and §5.3 presents
the BM-SCH Unified Model enabling cost-efficient hard-
ware implementation.

5.1 Traffic Manager
In router chips, BM is a module of the TM. We provide de-
tails of the TM in Appendix D. As shown in Figure 8 (a),
the TM processes a packet through four main steps: (1) BM
admits the packet and determines whether it is stored in on-
chip or off-chip memory; (2) the buffer read/write controller
stores the packet data and descriptors; (3) the scheduler de-
queues the packet; and (4) the buffer read/write controller
reads out the packet and releases the associated buffer space.

5.2 Analysis of Themis Primitives
Compared to previous BM schemes, Themis introduces the
swap-in and swap-out primitives. The core operation of these
primitives is to identify packets with the largest ranks. A sim-
ilar mechanism exists in the TM: in the programmable sched-
uler PIFO [43] introduced earlier, scheduling is achieved by
selecting the packet with the smallest rank. For PIFO, numer-
ous high-speed implementations [13,21,48] have been devel-
oped, making it fully capable of serving as a high-speed port
scheduler. This observation motivates the question: Since
finding both the largest and smallest ranks relies on sort-
ing, can we leverage PIFO to help implement Themis?

5.3 BM–SCH Unified Model
We provide the answer in practice: Themis reuses the sched-
uler and implements a streamlined design. This design, re-

1982    23rd USENIX Symposium on Networked Systems Design and Implementation USENIX Association



3Write In

Buffer Manager Scheduler

Buffer Read/Write Controller

E
g

ress P
ack

et P
ro

cessin
g

Traffic Manager

In
g

ress P
ack

et P
ro

cessin
g

1

Statistics

Module

On-Chip Buffer
(e.g., SRAM)

Off-Chip Buffer
(e.g., DRAM)

Hybrid Buffer

7 Read Out

8

2

4 Write Valid

6 Dequeue5 Enqueue

(a) Traffic Manager

Data Path Control Path

(b) Buffer Architecture

PD Memory

Cell Pointer Memory

Cell Data Memory

Cell 4 Cell 3 Cell 2 Cell 1

Cell 8 Cell 7 Cell 6 Cell 5

Cell Ptr 4 Cell Ptr 3 Cell Ptr 2 Cell Ptr 1

Cell Ptr 8 Cell Ptr 7 Cell Ptr 6 Cell Ptr 5

Cell Pointer List Cell Pointer List

Free Cell Pointer List

Packet 

descriptor

Packet 

descriptor
Head

Head

…

(c) Themis

SRAM R/W Controller HBM R/W Controller

SRAM

HBM

Hybrid Buffer

Statistics Module

BitMap

(SRAM-HBM)

Counters

(SRAM-HBM)

L1

0-0    0-1    0-0  L2 1-0    0-0    1-1  

2-0    0-0    2-1  1-0    0-0    0-0 0-0    0-2    0-0  

1-0    0-0    0-0  

Scheduler:FLS

Swap-In:FFS

PB

SRAM Free List

SRAM  Cell Ptr

… HBM Free List

HBM  Cell Ptr

…

0-1 1-1    1-0  

0-2    4-1    1-0 

Figure 8: Architecture of TM, Buffer and Themis.

ferred to as the BM-SCH Unified Model, unifies BM and
scheduler operations within a single hardware structure. Fig-
ure 8 (c) gives an overview. Specifically, we take BBQ [13],
a state-of-the-art PIFO implementation in terms of scalabil-
ity and throughput, as the starting point. Details of BBQ
are provided in Appendix E. In essence, BBQ implements a
bucket-based sorting scheme: each rank is assigned a bucket,
and a hierarchical bitmap is used to index the buckets. When
a packet is enqueued, its rank determines the corresponding
bucket, and the bitmap is updated accordingly. During de-
queue, a Find-First-Set (FFS) operation on the bitmap is used
to locate the bucket with the smallest rank. Based on BBQ,
our design introduces:

Enabling Find-Last-Set (FLS). BBQ locates the packet
with the smallest rank using FFS. To identify the packet with
the largest rank, we introduce the FLS operation. FLS is real-
ized by simply inverting the bitmap bits and reusing the orig-
inal FFS, without additional time overhead. With FLS en-
abled, the lowest-priority batch of packets is swapped from
SRAM to HBM, thus realizing swap-out.

Storing and Organizing Cell Pointers in Priority Buckets
(PB). In the original BBQ design, Packet Descriptor (PD) ad-
dresses are stored in the PB. This means that, for each packet
dequeue, the system must first retrieve the descriptor address
from the PB, then use it to index the cell pointer list, and fi-
nally access the actual cell containing the packet data. We
simplify this process by directly storing the cell pointer list
in the PB of BBQ. Similarly, the free cell pointer list is main-
tained using BBQ’s existing free list. This approach elimi-
nates unnecessary memory access overhead, thereby saving
memory bandwidth.

Hybrid Buffer Support in BBQ. BBQ is originally de-
signed to manage a single buffer. For a hybrid buffer com-
prising both SRAM and HBM, two BBQ instances would
normally be required. We enhance BBQ by adding shadow
bitmaps and shadow counters at each hierarchy level: one
set tracks packets in the SRAM buffer, while the other tracks
packets in the HBM buffer. By reusing the computational

logic, this modification enables a single BBQ to efficiently
manage a hybrid buffer with minimal additional overhead.

As shown in Figure 8 (c), the packet processing workflow
operates as follows: (1) during enqueue, hierarchical bitmap
traversal locates the target priority bucket, updates path coun-
ters and bitmaps, and stores the packet in SRAM; (2) a uni-
fied centralized controller orchestrates swap-in and swap-out
between SRAM and HBM, with swap-out realized via FLS
and swap-in via FFS; (3) during dequeue, FFS identifies the
highest-priority non-empty bucket across both SRAM and
HBM, and the corresponding packet is dequeued. All oper-
ations are fully pipelined to maximize performance, as de-
tailed in Appendix F.

6 Prototype and Evaluation

In this section, we first present the hardware prototype of
Themis, implemented on both FPGA and ASIC, and analyze
its resource overhead and maximum frequency. Based on the
FPGA prototype equipped with HBM, we conduct testbed
experiments to verify its improvement on packet forward-
ing completion time. We then perform simulations using ns-
3 [36]. The simulations include two parts: (1) single-point,
viewed from the microscopic perspective of a single router,
to assess packet loss, on-chip dequeue hit rate, and output
link utilization; and (2) large-scale, viewed from the macro-
scopic perspective of the entire network, to assess the FCT.

6.1 Hardware Prototype
The hardware prototype of Themis, including the buffer man-
agement, scheduler, and hybrid buffer, is written in 3654
lines of SystemVerilog code (with Block Memory Generator
IP instances and HBM IP instances) and implemented on Xil-
inx Alveo U280 datacenter accelerator card with XCU280
FPGA [47], which has 1082K LUTs, 1490 36KLUTRAMs
and 2180K Flip-Flops. The U280 is equipped with 8 GB
of HBM2 memory, which offers up to 460 GB/s of memory
bandwidth. To analyze the overhead of Themis (excludes hy-
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Figure 9: Packet Departure Time Comparison.

brid buffer: 5 MB SRAM + 4 GB HBM), we use Vivado
Design Suite [11] to evaluate the FPGA resource overhead.
Furthermore, we use Design Compiler [26] to synthesize the
Themis in GlobalFoundries 28nm process [22], evaluating
the timing, chip area, and power consumption.

Table 1: Hardware Cost.

Meets Timing

at 1 GHz

Area 
(𝑚𝑚2)

Power

(𝑚𝑊 )

FPGA Cost ASIC Cost

Baseline 73477053 yes 1.622 3.439

LUTS

Themis 74357157 yes 1.827 3.746

Additional 
overhead 88134 -- 0.205 0.307

Flip 

Flops

Module

Table 1 shows the FPGA resource utilization and the ASIC
cost of Themis. Themis costs 7157 LUTs and 7435 Flip-
Flops, only introducing 134 LUTs and 88 Flip-Flops com-
pared with a traditional TM baseline. This baseline employs
a BBQ scheduler and a common Greedy-Hybrid BM ap-
proach, which defaults to SRAM and uses HBM only upon
overflow. Besides, the timing report indicates that Themis
has a latency of less than 1.0 ns, meaning it can perform
swap-in/out per cycle at a 1.0 GHz clock. Furthermore,
Themis introduces less than 0.205 mm2 of ASIC area and
0.307 mW of power consumption, which is negligible for a
commercial switch ASIC.

6.2 Testbed Evaluation

We employ Integrated Logic Analyzer (ILA) [3] to capture
the average departure time of every 65,536 packets residing
in the buffer in real-time, comparing Themis with Greedy-
Hybrid BM.

In the experimental setup, we maintain consistent condi-
tions, including the same hybrid buffer size (5MB SRAM +
4GB HBM), identical exit scheduling speed and packet ar-
rival rates, and statistically similar packet sizes. We also im-
plement a packet generator with random ranks on the FPGA,
utilizing clock and packet count counters to measure the av-
erage departure time of every 65,536 packets residing in the

buffer. As shown in Figure 9, Themis shortens the forward-
ing completion time of all packets by up to 22% compared
to Greedy-Hybrid BM.

6.3 Simulation
We conduct our experiments on ns-3, where we provide
a HBM model. Specifically, we implement a bank-based
state machine, maintain each bank’s row-activation state,
command queues in parallel, and timing counters. The
model strictly enforces HBM timing constraints and accu-
rately computes request latency under different access pat-
terns. We compare Themis with spillover-only hybrid BM.
Specifically, we implement three variants of the spillover-
only hybrid BM:

1. Greedy-Hybrid: Packets are written to SRAM by de-
fault upon arrival. Only when SRAM capacity is in-
sufficient are packets written to HBM instead. Once a
packet enters the buffer, it is neither moved nor dropped
before dequeue.

2. DT-Hybrid: Dynamic Threshold (DT) [17] is a widely
used admission control policy in commodity switches.
Upon packet arrival, DT decides whether to admit the
packet based on current buffer occupancy: the closer
the buffer is to full, the stricter the admission thresh-
old. Packets rejected by DT are dropped, whereas ad-
mitted packets remain in the buffer until dequeued. In
the hybrid-buffer setting, we adapt DT by redirecting to
HBM the packets it would otherwise drop.

3. Occamy-Hybrid: Occamy [41] is a state-of-the-art
buffer management scheme, which achieves preemptive
buffer management long thought impossible. Specifi-
cally, Occamy reuses DT for admission control. It pre-
emptively reclaims space by dropping buffered packets
from flows that over-occupied the buffer when DT was
more permissive. In the hybrid buffer setting, we also
adapt Occamy. Packets that would be dropped during
admission or preemption are instead written to HBM.

6.3.1 Single-Point Simulation

In the single-point experiments, we compare Themis against
three baseline schemes in terms of packet loss rate, on-chip
dequeue hit rate, output link utilization, and HBM through-
put within a single switch.

Experimental Setup. We evaluate a 32-to-1 aggregation
with 50 Gbps per input port. The arrivals follow a Poisson
process, and flow sizes are drawn from the WebSearch distri-
bution [7]. We evaluate performance metrics under different
total input port loads, a higher input load implies more severe
congestion at the buffer. In the hybrid buffer, the SRAM
capacity is set to 5 MB, and the HBM timing parameters
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Figure 10: Performance in Single-Point Experiments.

Figure 11: HBM Throughput vs. Load.

follow Samsung HBM2E [38]. We use UDP as the trans-
port layer protocol and adopt Shortest Flow First (SFF) [43]
as the scheduling algorithm. SFF can be implemented by a
PIFO instance and is observed to perform almost as well as
pFabric [8]. We evaluate the performance under varying total
input loads, using HBM throughput, packet loss rate, on-chip
dequeue hit rate and link utilization as metrics.

Performance. Across all input loads, Themis consistently
outperforms the three spillover-only hybrid BM schemes on
all metrics. The advantages manifest in these aspects: (1) As
shown in Figure 11, the hybrid baselines sustain only about
410 to 650 Gbps of HBM throughput across 0.2 to 0.9 of-
fered load. In contrast, Themis achieves 600 to 790 Gbps by
merging accesses, improving performance by up to 46%. (2)
The higher HBM throughput enables Themis to accommo-
date larger bursts. As shown in Figure 10 (a), Themis con-
sistently incurs lower packet loss than the three hybrid base-
lines, with its advantage more pronounced at the highest load.
Compared with other schemes, Themis reduces packet loss
by 18% to 30%. (3) By adopting a scheduling-aware place-
ment strategy which preferentially keeps high-priority pack-
ets on chip, Themis achieves a higher on-chip dequeue hit
rate. As shown in Figure 10 (b), compared with the strongest
baseline (Occamy-Hybrid), Themis achieves up to a 2.16×
improvement in the on-chip dequeue hit rate. (4) The joint
effect of the higher hit rate and increased HBM throughput
further yields superior link utilization. Figure 10 (c) shows a
43% improvement over Occamy-Hybrid. Additional results
evaluating Themis under varying traffic patterns are provided

in the Appendix C.

Watermark. In the preceding experiments, Themis sustains
a very high hit rate and a low packet-loss rate. Therefore, the
impact of watermark tuning was limited. To further probe
this effect, we subject the system to a heavier load by rais-
ing each link speed to 100 Gbps, and assess how watermarks
influence performance. We consider two setups: (1) fixing ei-
ther the swap-in or swap-out watermark while modifying the
other; and (2) co-tuning both watermarks while maintaining
a constant gap between them.

As shown in Figure 12 (a) and 12 (c), higher watermarks
retain more packets on chip and thus yield a higher on-chip
dequeue hit rate. In addition, Figure 12 (b) and 12 (d) show
that lower watermarks reduce packet loss by engaging HBM
earlier to share the storage burden. Overall, watermark selec-
tion represents a trade-off between ingress drops and egress
hit rate. Balancing these objectives, we adopt the swap-in
watermark as 0.5 and the swap-out watermark as 0.8 as the
default configuration for Themis.

6.3.2 Large-Scale Simulation

In this section, we evaluate and compare Themis and other
baselines under large-scale datacenter scenarios with real
traffic. Switch configuration and scheduling remain identi-
cal to the single-point experiments.

Topology. We implement a canonical Leaf-Spine topology
widely deployed in production. The network comprises 9
Leaf switches and 4 Spine switches, interconnecting 144
servers. Each server attaches to a Leaf via a 50 Gbps down-
link; each Leaf connects to every Spine via 200 Gbps up-
links. Link propagation delay is 10µs, and the end-to-end
RTT through a Spine path is about 80µs. Load balancing
uses Equal-Cost Multi-Path (ECMP) routing with five-tuple
hashing, selecting the shortest path at flow granularity.

Workload. We use two representative workloads from real
datacenter: WebSearch and traffic collected from Facebook’s
Hadoop cluster [37]. Both exhibit pronounced heavy tails
and are dominated by small flows. Hadoop’s average flow is
smaller, with over 70% of flows within 10 KB, whereas Web-
Search flow sizes are mainly concentrated between 10 KB
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Figure 12: Watermark Sensitivity (Total Input Port Load = 0.8).

(a) Overall: Avg (b) (0, 100KB]: 99th prctile

Figure 13: Performance in Hadoop Workload.

(a) Overall: Avg (b) (0, 100KB]: 99th prctile

Figure 14: Performance in WebSearch Workload.

and 1 MB. Source and destination hosts are chosen uni-
formly at random among the 144 servers. The transport pro-
tocol is TCP-NewReno [9]. We set MSS to 1448 bytes, the
initial congestion window to 20 segments, and RTOmin to
0.24 ms.

Metrics. In large-scale experiments, we focus on the follow-
ing performance metrics. First, we report the average FCT
over all flows and the 99th percentile FCT for small flows,
where small flows denote flows less than 100 KB. We nor-
malize each flow’s FCT by its corresponding flow size.

Performance. As shown in Figure 13 and 14, across two pro-
duction workloads (WebSearch and Hadoop) and loads from
0.4 to 0.9, Themis attains the lowest average FCT and 99th
percentile FCT in small flows. The advantage is modest at
light load and widens as the network becomes busier. Under
high load, the baselines exhibit sharp tail inflation, whereas
Themis grows much more gently. Quantitatively, compared
with each workload’s best-performing baseline, Themis re-
duces the 99th percentile FCT by a factor of 2.23 on Web-
Search and 2.61 on Hadoop.

7 Related Work

Modern buffer management is largely influenced by DT [16,
17, 20], a simple yet effective scheme that adapts queue
limits to traffic load. Building on this foundation, some
works focus on enhancing burst absorption in buffers [5, 10,
12, 23, 35, 40]. Some works incorporate adaptive control
(ABM [4]) or machine learning (NDT [45], Credence [6])
to optimize buffer sharing. The latest work Occamy [41]
exploits redundant memory bandwidth to rapidly evict pack-
ets from over-allocated queues, significantly improving burst
absorption, performance isolation, and mitigation of buffer
blockage compared to the non-preemptive BM. While these
schemes optimize the use of on-chip SRAM, they are all fun-
damentally constrained by its limited capacity. To address
this, some commercial routers adopt hybrid architectures,
using off-chip DRAM as a simple spillover destination for
congested queues [15, 24, 32]. However, this spillover-only
model, while increasing total buffer size, incurs significant
latency for traffic directed to slower off-chip memory, moti-
vating more intelligent hybrid buffer management designs.

8 Conclusion

In this paper, we reveal the priority inversion and head-
of-line blocking problems in hybrid buffers under existing
buffer management, and we analyze how HBM performance
depends on access patterns in packet buffering scenarios. We
propose Themis, a scheduling-aware hybrid buffer manage-
ment scheme that places early-departing packets in fast on-
chip memory and organizes off-chip accesses to be tempo-
rally and spatially contiguous. Experiment and simulation
results show that Themis significantly improves the on-chip
dequeue hit rate and output link utilization, ultimately reduc-
ing overall flow completion times.
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A Impact of Access Patterns on HBM Perfor-
mance

Compared with DDR, HBM offers substantially higher peak
bandwidth. This advantage does not stem from shorter
single-access latency; rather, it relies on extremely high de-
grees of parallelism. Consequently, if an application’s ac-
cess pattern cannot effectively exploit this parallelism, HBM
may even underperform DDR. In this section, we use Sam-
sung’s HBM2E Flashbolt [38] as a case study—16 GB ca-
pacity with a peak throughput of 3.2 Tbps—to analyze how
different access patterns shape realized performance.

HBM is hierarchically organized into pseudo channels
(PCs), bank groups (BGs), and banks. Within a bank, a row
and column identify the target address, and the minimum ac-
cess granularity is 32 B. For each memory command, the con-
troller must locate the row holding the data, issue precharge
and activation, and then access one minimum access gran-
ularity via the column address. Accessing different rows
within the same bank requires re-activation; by contrast, is-
suing multiple consecutive accesses within the same open
row amortizes that overhead. As illustrated in Figure 15, we
quantify row-level effects on HBM performance, where the
x-axis denotes the number of bytes transferred after each row
activation. Bank and BG placement also matter: Figure 16
and Figure 17 present analogous measurements when the ac-
cessed rows lie in different banks within the same BG and
in different BGs, respectively. In addition, PCs can operate

Figure 15: Single-Bank Read Throughput vs. Cell Size.

Figure 16: Single-BG Read Throughput vs. Cell Size.

relatively independently; confining requests to a single PC
severely limits overall throughput. As shown in Table 2,
putting these factors together, the best-case access pattern—
one that fully exploits spatial parallelism—achieves a total
time of about 2.64µs to transfer 1 MB. In the worst case,
where all data reside in a single bank and each row holds only
one minimum access granularity (thus forcing frequent acti-
vations), the transfer time rises to roughly 1.54ms. Hence,
the optimal pattern is 583× faster than the worst. In network-
ing workloads, data typically arrives as packets. Assuming a
packet size of 2,048 bytes, even with an optimal intra-packet
data layout for a single packet—while disregarding the rel-
ative placement of other packets—the total access time can
still reach 24µs in the worst case; relative to the theoretical
best case, this realizes only about 1/9 of the peak perfor-
mance.

Beyond address placement, frequent changes between
reads and writes can drastically degrade effective bandwidth.
In a Samsung 16 Gb HBM2E configuration, for accesses to
an already-activated row, two identical commands (read-read
or write-write) must wait 4 clock cycles between issuances
(tCK = 0.625ns). In contrast, read-write switching requires a
longer turnaround: read to write requires a 30-clock-cycles
turnaround, while write to read requires about 7.5 ns. Con-
sequently, read/write ping-pong reduces the effective band-
width to roughly one-fifth of that under continuous reads or
continuous writes.
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Table 2: HBM Access Latency under Different Access Patterns

Case Data Layout Cell Size #Rows Total Latency
Best Performance 1MB distributed across 16 PCs, different bank groups 1KB 64 ≈ 2.64 µs
Worst Performance 1MB in the same PC, same bank, different rows 32B 32K ≈ 1.54 ms
Packet-granularity Worst 1MB in 16 PCs, same bank, packet size = 2048B split 128B 512 ≈ 24 µs

Figure 17: Multi-BG Read Throughput vs. Cell Size.

These observations imply that HBM’s headline bandwidth
can be realized only when access patterns satisfy all three of
the following conditions:

1. Distribute data as evenly as possible across PCs and
BGs to maximize spatial parallelism;

2. Read as much useful data as possible per row activation
to amortize activation/precharge timing overheads;

3. Batch operations into sustained reads or sustained
writes, avoiding frequent direction switches.

Only when these three conditions are met does HBM deliver
a decisive bandwidth advantage over DDR.
Implementation in Themis. Themis performs batched ac-
cesses to HBM. Based on point 2, the ideal is to read or write
the entire row after activation. In Samsung HBM2E, a row
holds 1 KB. We stripe each packet across all 16 PCs; conse-
quently, in our experiments we set the batch size to 16 KB.

B Design Considerations and Parameter Set-
tings

On-Chip Dequeue Hit Rate. From the dequeue perspective,
to better evaluate the performance of hybrid BM, we intro-
duce on-chip dequeue hit rate, defined as the fraction of pack-
ets dequeued from on-chip SRAM. Since off-chip DRAM
read bandwidth is limited, the on-chip dequeue hit rate re-
flects the utilization of the output link. In Themis, newly ar-
riving packets are differentiated at admission based on their
rank, so that the vast majority of dequeue operations can be
served from on-chip memory. However, the on-chip dequeue
hit rate in Themis cannot always reach 100%, mainly due to

two reasons: (1) the swap-in speed from off-chip to on-chip
cannot keep up with the on-chip dequeue rate, causing the
number of on-chip packets to gradually decrease, possibly
reaching zero, at which point dequeues must be served from
off-chip; (2) swap-in is performed in units of batches. Each
swap-in guarantees that the globally smallest-rank packet in
DRAM is brought on-chip, but other packets in the same
batch may have higher ranks. As a result, after the batch
is swapped in, it is possible to violate the property that all
on-chip packets have lower rank than all off-chip packets.

For reason (1), this phenomenon is unavoidable: once
a packet is written into DRAM, off-chip dequeues will in-
evitably occur during certain periods. In a BM scheme that
performs only admission control, every packet that enters
DRAM must incur an off-chip access when dequeued. By
contrast, Themis proactively swaps in packets and can guar-
antee that a certain number of packets can be dequeued on-
chip instead of off-chip, given by(

Qon

Rs

)
Rd

Here, Qon is the number of remaining on-chip packets, Rs is
the SRAM read rate, and Rd is the DRAM read rate.

For reason (2), as discussed in §4.2.3, the ranks of packets
within the same batch are usually close; even if a few packets
have particularly large ranks, they will be evicted or dropped
once on-chip occupancy is high, thus preventing persistent
blocking.
Parameter Settings. Themis contains two parameters: the
swap-in watermark and the swap-out watermark, both ex-
pressed in terms of the occupancy of on-chip SRAM. These
two watermarks characterize the degree to which off-chip
DRAM participates in packet buffering. A lower water-
mark means that DRAM engages in storage earlier, provid-
ing higher absorption capability when burst traffic arrives
and thus leading to fewer packet drops. However, during
the draining phase, since the number of packets stored in
SRAM is limited, the on-chip dequeue hit rate and output
link bandwidth utilization are lower. In contrast, a higher
watermark delays the involvement of DRAM, keeping more
packets on-chip, which results in a higher dequeue hit rate
but lower burst absorption capability and thus more packet
drops. In addition, to avoid frequent migrations of packets
between SRAM and DRAM, the gap between the two water-
marks should not be too small.

Overall, the setting of the watermarks reflects a trade-off
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between burst absorption capability and output link band-
width utilization. In essence, the optimal configuration de-
pends on the burst length. However, in practical systems,
burst lengths are often difficult to predict. To balance burst
absorption capability and output link bandwidth utilization
across different scenarios, Themis adopts an empirical con-
figuration. In §6, we present experimental results to demon-
strate the impact of different parameter choices on perfor-
mance.

C Additional Simulation Results under Vary-
ing Traffic Patterns

To comprehensively characterize the performance of Themis,
we conduct simulations under different traffic patterns. Since
Themis fundamentally makes decisions based on packet
ranks, we predefine the priorities of input flows and vary the
ratio of high- to low-priority traffic in the workload. The
traffic consists of one high-priority flow and one low-priority
flow, which are mixed according to the specified ratio. Pack-
ets are evenly spaced both within each flow and across flows.
Specifically, when the ratio is n, for every n high-priority
packets, one low-priority packet arrives on the link. We
adopt strict-priority scheduling, while keeping the rest of the
experimental setup identical to that in §6.3.1.

Figure 18 and 19 illustrate the impact of the ratio. As the
ratio increases, both the on-chip dequeue hit rate and link
utilization increase. This is because denser arrivals of high-
priority packets lead to swap-in batches containing more
high-priority packets. Consequently, each swap-in results in
a greater number of on-chip hits. Themis selects a batch size
number of the lowest-priority packets currently in SRAM to
form a batch when triggering a swap-out. However, the abso-
lute ranks of these packets are not necessarily close to each
other, yet they will be swapped in together at some point in
the future. Completely resolving this issue would require
prior knowledge of the rank distribution of incoming traf-
fic. This is clearly difficult for a general-purpose buffer man-
ager. Nevertheless, even in low-ratio scenarios, Themis still
demonstrates a significant improvement over other methods.

D Traffic Manager

Figure 8 (a) illustrates the architecture of TM. The TM
is a fundamental component, tasked with managing packet
buffering, ensuring scheduling prioritization to meet QoS re-
quirements, and performing traffic statistical analysis. It con-
sists of five primary modules:

• Buffer Management: BM is responsible for control-
ling the admission of incoming packets into the buffer.
It determines whether a packet should be stored in on-
chip or off-chip memory, based on predefined policies
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Figure 18: On-Chip Hit Rate vs. High-Priority Ratio.
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Figure 19: Link Utilization vs. High-Priority Ratio.

(e.g., per-flow threshold), ensuring optimal use of avail-
able resources.

• Buffer Read/Write Controller: Figure 8 (b) provides
details of how the buffer is efficiently organized by the
buffer r/w controller for packet storage and space re-
lease. It operates with three main types of memory:
cell data memory, cell pointer memory, and PD mem-
ory. Cell data memory stores the actual packet data, di-
vided into fixed-size cells. Cell pointer memory holds
pointers to the cells in cell data memory. For packets
split across multiple cells, the cell pointers are linked in
a list. Free cell pointer list also tracks available memory
cells by maintaining a list of free cell pointers. PD mem-
ory contains packet descriptors, each associated with a
packet. A PD stores metadata (e.g., packet length) and
the head of the corresponding cell pointer list.

• Buffer: The buffer holds the actual packet data, either
in on-chip memory (e.g., SRAM) for fast access or off-
chip memory (e.g., DRAM) for larger storage capacity.

• Scheduler: The scheduler determines the order in
which packets are dequeued from the buffer.

• Statistics: The statistics module is typically used to col-
lect real-time information (e.g., queue lengths) to assist
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BM in making strategy.

E BBQ

[45] novelly observed a recursive structure to the problem:
given an array of bitmaps ordered by priority, the highest-
priority non-zero bitmap can also be identified via a single
FFS operation using a schema similar to the one described
above. This observation naturally leads to the notion of a
Hierarchical FFS (HFFS) Queue.

The idea is to construct a tree of bitmaps, with leaf nodes
representing regular FFS Queues. The bitmaps are encoded
such that, at any level in the tree, a ‘1’ in any bit position
indicates a non-empty priority bucket in the subtree rooted at
that node. Now, to dequeue the highest-priority element, we
recursively perform FFS at each level of the tree starting with
the root, following the MSSb until we arrive at the required
priority bucket. BBQ uses a variant of the HFFS Queue as its
underlying data-structure.

3.2 The BBQ Primitive
At the heart of BBQ is a priority index structure inspired

by HFFS Queues: a perfect w-ary tree of w-bit bitmaps rep-
resenting the queue occupancy. The bitmap tree in a BBQ
can be composed of an arbitrary number of levels, which in
turn dictates the queue’s priority span. In general, for a BBQ
with w-bit bitmaps and D≥ 1 levels, the number of supported
priorities is P = wD. Figure 2 depicts a BBQ with w = 3 and
D = 2, representing P = 32 = 9 unique priorities.

The bitmap tree has a recursive structure: at the leaf level
of the tree (e.g., the L2 bitmaps in Figure 2), each bit maps
to a unique priority bucket; at non-leaf levels (e.g., L1), each
bit maps to a unique subtree of bitmaps. In either case, we
maintain the invariant that a bit in any bitmap is 1 if and only
if there is a priority bucket containing at least one element
in the corresponding subtree. In BBQ, we additionally as-
sociate with every bit a subtree occupancy counter (StOC)
that indicates the total number of elements in that subtree; a
StOC is non-zero if the corresponding bit is 1, and vice versa.
As we will see in §4, the design choice of storing additional
counters enables us to achieve stall-free execution of the BBQ
pipeline, yielding high performance (i.e., full pipelining) with
a relatively small memory overhead.

IPQs group queue elements (QEs) with identical priority in
the same priority bucket (PB). In BBQ, PBs are implemented
as doubly-linked lists of QEs. In particular, each PB stores
a pair of pointers: HEAD and TAIL, pointing to the first and
last QE in the linked list, respectively. QEs themselves are
composed of two attributes: (1) a DATA field to store arbitrary,
user-supplied identifiers3, and (2) a pair of pointers (PREV and
NEXT) to other QEs, allowing them to interface with the PBs’
doubly-linked lists.

The final component of the BBQ is the Free List (FL): a
FIFO queue containing pointers to QEs that are currently

3BBQ, like most priority queues, is agnostic of the data contained in the
QEs. The DATA attribute has a configurable bit-width and could be used to
store a pointer to a packet, flow ID, or even a reference to another BBQ.
Unless specified otherwise, we will assume that QEs represent flows [41].
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Figure 2: 2-level BBQ with w = 3 bit bitmaps. To dequeue the
highest-priority element, we recursively perform FFS at each level
of the tree starting with the root, following the most-significant set
bit (MSSb) until we arrive at the required priority bucket.

unallocated (i.e., not enqueued in the BBQ). Table 1 depicts
the operations supported by BBQ.

3.3 Goals and Challenges
Recall that we sought out to build BBQ with three key goals

in mind: scalability, performance, and logical partitioning. In
this section, we describe how BBQ meets these goals, and the
challenges the underlying hardware architecture must address
to achieve them.

3.3.1 Scalability
Using an IPQ-based design breaks the dependence between

run-time complexity of operations and queue size, allowing
BBQ to support a large number of QEs without necessitating a
fundamental performance trade-off. In many ways, scalability
“falls out” of this high-level design choice, allowing us to
explicitly optimize for the other goals.

3.3.2 Performance
While the data structure underlying BBQ is conceptually

simple, realizing this functionality in hardware in a manner
that achieves high performance is a challenging proposition.

The overall performance of the hardware queue (measured
in packets per second) is the product of two independent
metrics: (C1) fmax or the maximum frequency that the queue
operates at, which is dictated by its critical path (i.e., the
worst-case combinational delay in the hardware circuit), and
(C2) the number of operations that can be issued every cycle.
Given the logical complexity of the queue operations (i.e.,
ENQUEUE or DEQUEUE), it is impractical to perform them in
a single hardware clock cycle because it would significantly
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Figure 20: Architecture of BBQ.

BBQ is a hardware-based integer priority queue designed
for scalable and efficient packet scheduling. It addresses
the challenge of handling large numbers of concurrent flows
at high throughput and line rates. BBQ employs a bitmap-
based hierarchical priority queue, offering significant im-
provements in scalability and performance over traditional
comparison-based queues.

At its core, BBQ uses a bitmap tree structure to organize
priority buckets. Each bit represents a bucket, and the queue
leverages a FFS operation to efficiently locate the highest-
priority bucket containing a packet, eliminating the need for
comparison-based sorting. This hierarchical structure allows
for efficient lookups, enabling fast and scalable scheduling.

Packets are enqueued by inserting them into the corre-
sponding priority bucket based on their priority value. The
packet is added to a doubly-linked list in the bucket, and the
corresponding bitmap bit is updated. This simple operation
ensures the queue scales efficiently with increasing flows and
priorities.

Dequeueing begins at the root of the bitmap tree. BBQ
uses FFS to identify the highest-priority bucket and dequeues
the packet from the linked list, updating the bitmap accord-
ingly. This approach allows BBQ to dequeue packets at line
rates, ensuring high throughput without compromising accu-
racy.

BBQ supports logical partitioning, allowing multiple log-
ical queues to share a single physical priority queue. This
is done by partitioning the priority range and masking rel-
evant bits in the bitmap tree for each logical queue. Logi-
cal partitioning is crucial in multi-tenant environments, such
as cloud-based SmartNICs or modern switches, where it en-

ables independent management of different tenants or flows
with minimal performance overhead.

BBQ is highly efficient in hardware, supporting up to
100K concurrent flows and 32K priority levels on both FP-
GAs and ASICs. Its fully pipelined architecture allows en-
queue and dequeue operations in a single clock cycle, op-
timizing throughput and minimizing latency. BBQ is ideal
for high-speed networking hardware, such as switches and
SmartNICs, handling large volumes of network traffic with
scalable and efficient packet scheduling.

F Hardware Pipeline of Themis

In principle, enqueueing, dequeueing, and swap-in/out fol-
low a similar blueprint, yielding an intuitive algorithm for
mapping them to a unified datapath: for each level of the
tree starting with the root (i.e., L1), compute the bitmap in-
dex (for DEQUEUE(t), the index is computed by performing
FFS on the bitmap; for ENQUEUE(X , p), it is computed us-
ing simple bit manipulations on p; for swap-in/out, the same
index computation is applied on the corresponding tier), in-
crement or decrement the corresponding StOC, then update
the bitmap; finally, splice at the appropriate end of the doubly
linked list corresponding to the target priority bucket.

Maximizing fmax. Our first objective is to maximize fmax,
the maximum clock frequency at which the design can op-
erate. To this end, we reuse the existing BBQ structure and
employ a deep pipeline in which stages are balanced to do lit-
tle and roughly equal amounts of work. Figure 21 shows the
cycle-level events in an 11-stage pipeline for a two-level de-
sign. By load balancing expensive operations across stages,
we minimize the number and severity of same-stage depen-
dencies (depicted by → and⇝); for example, chaining FFS
and StOC updates (multi-bit addition or subtraction) would
create large combinational delay, so we split this work across
stages (e.g., cycles 1 and 2).

Maximizing operations per cycle. High fmax is only use-
ful if we are not rate-limited by pipeline latency. Our sec-
ond objective is to fully pipeline the design so it can con-
currently process as many operations as there are pipeline
stages, thereby achieving its maximum rate of 1 op/cycle.
Concretely, BBQ adopt a Hierarchical Find-First-Set (HFFS)
queue, write forwarding and data forwarding, operation
coloring, and pipelined bitmap/StOC updates. Themis
reuses this structure and makes specific modifications: dur-
ing swap-in (migrating the highest-priority packets from
HBM to SRAM), Themis performs a dual-tier co-commit—
at each level, it simultaneously updates the SRAM-side
bitmap/StOC and the HBM-side bitmap/StOC in the same
pass—thus eliminating a second top-down walk and avoid-
ing transient cross-tier inconsistencies. Symmetrically, dur-
ing swap-out (migrating the lowest-priority packets from
SRAM to HBM), Themis applies the same dual-tier co-
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commit: the SRAM- and HBM-side bitmaps/StOCs are up-
dated in the same top-down pass, preserving per-level atom-
icity and avoiding a second traversal. In conclusion, Themis
can perform one operation per cycle: packet-in, dequeue,
swap-in, and swap-out.

Cycle Description PHR

0

Register inputs

If ENQUEUE:

F ←− SRAM_FreeList.POP()// Pop free list

If  SWAP_IN:

F ←− SRAM_FreeList.POP()// Pop free list

If  SWAP_OUT:

F ←− HBM_FreeList.POP()// Pop free list

1

IF ENQUEUE or DEQUEUE or DROP:

Compute SRAM L1 bitmap index

↳Read the corresponding SRAM L1 StOC

IF SWAP_IN:

Compute HBM L1 bitmap index

↳Read the corresponding SRAM and HBM L1 StOC

IF SWAP_OUT:

Compute SRAM L1 bitmap index

↳Read the corresponding SRAM and HBM L1 StOC

L1

2

According Action:

Compute, Write:(SRAM | HBM) L1 StOC⇝ L1 bitmap 

Read (SRAM | HBM) L2 bitmap

L2

3 // Read delay for L2 bitmap

4

IF ENQUEUE or DEQUEUE or DROP:

Compute SRAM L2 bitmap index

↳Read the corresponding SRAM L2 StOC

IF SWAP_IN:

Compute HBM L2 bitmap index

↳Read the corresponding SRAM and HBM L2 StOC

IF SWAP_OUT:

Compute SRAM L2 bitmap index

↳Read the corresponding SRAM and HBM L2 StOC

5 // Read delay for L2 StOC

6

According Action:

Compute, Write: (SRAM | HBM) L2 StOC⇝ L2 bitmap 

Read the corresponding (SRAM | HBM)  PB

PB

7 // Read delay for PB

8

If Not ENQUEUE:

(a)Read X ←− (SRAM  or  HBM)QEDATA[PB.TAILnew]

(b)Read Y ←− (SRAM  or  HBM)QEPREV[PB.TAILnew]

9 // Read delay for QEDATA and QEPREV

10

If ENQUEUE: // Enqueue at the HEAD

(a)SRAM_QEDATA[F] ←− Data to enqueue

(b)Write SRAM_QENEXT[F] ←− SRAM_PB.HEAD

(c)Write SRAM_QEPREV[PB.HEAD] ←− F

(d)Write SRAM_PB.HEADnew ←− F

If DEQUEUE or DROP: // Dequeue from TAIL

(a)SRAM_FreeList.PUSH(PB.TAIL)

(b)Write SRAM_PB.TAILnew ←− Y

(c)Output X  (If  Drop , No Action)

If  SWAP_IN: // Data From HBM To SRAM

(a)SRAM_QEDATA[F] ←− X

(b)Write SRAM_QENEXT[F] ←− SRAM_PB.HEAD

(c)Write SRAM_QEPREV[PB.HEAD] ←− F

(d)Write SRAM_PB.HEADnew ←− F

(e) HBM_FreeList.PUSH(PB.TAIL)

(f)Write HBM_PB.TAILnew ←− Y

If  SWAP_OUT: // Data From SRAM To HBM

(a)HBM_QEDATA[F] ←− X

(b)Write HBM_QENEXT[F] ←− HBM_PB.HEAD

(c)Write HBM_QEPREV[PB.HEAD] ←− F

(d)Write HBM_PB.HEADnew ←− F

(e) SRAM_FreeList.PUSH(PB.TAIL)

(f)Write SRAM_PB.TAILnew ←− Y

Figure 21: Pipeline of Themis.
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