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Abstract—Recent development in VLSI technology makes it
feasible to integrate on-chip memories to crossbar switching fab-
rics. Switches using such crossbars are called buffered crossbar
switches, in which each crosspoint has a small exclusive buffer.
The crosspoint buffers decouple input ports and output ports,
and reduce the switch scheduling problem to the fair queueing
problem. In this paper, we present the fair queueing based
packet scheduling scheme for buffered crossbar switches, which
requires no speedup and directly handles variable length packets
without segmentation and reassembly (SAR). The presented
scheme makes scheduling decisions in a distributed manner, and
provides performance guarantees. Given the properties of the
actual fair queueing algorithm used in the scheduling scheme,
we calculate the crosspoint buffer size bound to avoid overflow,
and analyze the fairness and delay guarantees provided by the
scheduling scheme. In addition, we use WF2Q, the fair queueing
algorithm with the tightest performance guarantees, as a case
study, and present simulation data to verify the analytical results.

I. INTRODUCTION

Recent development in VLSI technology has made on-chip
memories feasible for crossbar switching fabrics [1] [2]. Each
crosspoint of the crossbar can thus have a small exclusive
buffer. Crossbar switches with such crosspoint buffers are
called buffered crossbar switches [3] [4]. They demonstrate
significant advantages over traditional unbuffered crossbar
switches [5] [6].

Unbuffered crossbar switches have no buffers on the cross-
bars, and packets have to be directly transmitted from input
ports to output ports. They usually work with fixed length cells
in a synchronous time slot mode [7]. To maximize throughput
and accelerate scheduling, all the scheduling and transmission
units must have the same length. Variable length packets are
segmented into fixed length cells at input ports, and those cells
will be reassembled into original packets at output ports. This
process is called segmentation and reassembly (SAR) [8].

For buffered crossbar switches, crosspoint buffers decouple
input ports and output ports, and simplify the scheduling
process. They can directly handle variable length packets
without SAR and work in an asynchronous mode. To be
specific, input ports periodically send packets of arbitrary
length to the corresponding crosspoint buffers, from where
output ports retrieve the packets one by one. Compared with
fixed length cell scheduling of unbuffered crossbar switches,
variable length packet scheduling of buffered crossbar switches
has some unique advantages [5] [10], such as high throughput,
low latency, and reduced hardware cost.

Existing scheduling schemes for buffered crossbar switches
are designed with two alternative objectives: to provide per-

formance guarantees, such as PLF [5] and sBUX [6], or
to achieve high throughput, such as LIPS [10] and CIXB-
1 [11]. The former is a stronger requirement than the latter.
A scheme with tight performance guarantees usually delivers
100% throughput, but the reverse is not always true. For
the existing schemes providing performance guarantees, they
either consider cell scheduling or require speedup of two or
more, i.e. the crossbar running faster than input ports and
output ports. In contrast, the scheduling scheme that will be
presented in this paper requires no speedup. Therefore, output
ports need no buffers, and a packet arriving at the output port
is directly sent to the output line.

Sending or retrieving packets to or from crosspoint buffers is
similar to the fair queueing problem [12], in which a gateway
transmits packets of different flows to ensure fairness. The fair
queueing problem is a well studied area, and many algorithms
have been proposed. They can be broadly classified into two
categories: time stamp based algorithms, such as WFQ [12]
and WF2Q [13] [14], and round robin based algorithms, such
as DRR [15] and FRR [16].

In this paper, we present the fair queueing based packet
scheduling scheme for buffered crossbar switches to provide
performance guarantees. We show that the N ×N scheduling
problem of buffered crossbar switches can be reduced to the
N × 1 scheduling problem, to which fair queueing algorithms
apply. With the presented scheduling scheme, different input
ports and output ports can make independent scheduling deci-
sions based on only local information. Given the properties of
the fair queueing algorithm used in the scheduling scheme, we
calculate the crosspoint buffer size bound to avoid overflow,
and analyze the fairness and delay guarantees provided by the
scheduling scheme. Finally, we use WF2Q, the fair queueing
algorithm with the tightest performance guarantees, as a case
study, and present simulation data to verify the analytical
results.

The rest of the paper is organized as follows. In Section II,
we present the fair queueing based packet scheduling scheme
for buffered crossbar switches. In Section III, we theoretically
analyze the performance of the presented scheme. In Section
IV, we use WF2Q as a case study and present simulation data.
In Section V, we conclude the paper.

II. FAIR QUEUEING BASED PACKET SCHEDULING FOR

BUFFERED CROSSBAR SWITCHES

In this section, we present the fair queueing based packet
scheduling scheme for buffered crossbar switches, and discuss
the fairness model that will be used in the rest of the paper.



...
...

...

Out1

InN

...

In1

Q11

Q1N

QN1

QNN

B1NB11

BN1 BNN

OutN

... ...

N x N Scheduling

N x 1 Scheduling

N x 1 Scheduling

Fig. 1. Structure of buffered crossbar switches.

A. Scheduling Scheme Description
The considered switch structure is shown in Figure 1. N

input ports and N output ports are connected by a buffered
crossbar, which has no speedup. Denote the ith input port
as Ini and the jth output port as Outj . Use R to represent
the available bandwidth of each input port and output port,
and the crossbar also has bandwidth R. Each input port has
a buffer organized as virtual output queues (VOQ) [18]. In
other words, there are N virtual queues at an input port, each
storing the packets destined to a different output port. Denote
the virtual queue at Ini for packets to Outj as Qij . Each
crosspoint has a small exclusive buffer. Denote the crosspoint
buffer connecting Ini and Outj as Bij . Output ports have
no buffers. Define the traffic from Ini to Outj to be a flow
Fij , and denote the kth arriving packet of Fij as P k

ij . After
P k

ij arrives at the switch, it is first stored in Qij , and waits
to be sent to Bij . It will then be sent from Bij to Outj and
immediately delivered to the output line. We say that a packet
arrives at or departs from a buffer when its last bit arrives at
or departs from the buffer.

Due to crosspoint buffers, the N × N switch scheduling
problem can be reduced to two types of N × 1 scheduling
problems as illustrated in Figure 1, which we call input
scheduling and output scheduling. In input scheduling, an
input port selects a packet from one of its N input queues,
and sends it to the corresponding crosspoint buffer. In output
scheduling, an output port selects a packet from one of its N
crosspoint buffers, and sends it to the output line. As can be
seen, input scheduling and output scheduling rely on only local
information, and can be conducted in a distributed manner.

We assume that each flow is allocated a specific amount
of bandwidth, and the objective of the scheduling scheme is
to ensure the allocated bandwidth for each flow and provide
performance guarantees. It can be noted that input scheduling
and output scheduling are similar to the fair queueing problem
[19], in which a gateway is shared by N flows, and it sched-
ules packets to ensure fairness among the flows. There are
many fair queueing algorithms available in the literature, and
they provide different performance guarantees with different
computational complexity [17]. Depending on the applications
that the buffered crossbar switch is used for, a particular fair
queueing algorithm can be chosen for input scheduling and
output scheduling.

B. Ideal Fairness Model
To effectively evaluate the fairness performance of a

scheduling scheme, it is necessary to have an ideal fairness
model as the comparison reference. Generalized Processor
Sharing (GPS) [19] is a widely used fairness model for packet
scheduling. When GPS applies to fair queueing, it calculates
allocated bandwidth for flows in a proportional manner. It
divides the gateway bandwidth into multiple logical channels.
Each flow has its own channel, and the channel bandwidth is
proportional to its requested bandwidth. GPS views flows as
fluids of continuous bits, and transmits the packets of a flow in
its independent channel. As a result, each flow uses the same
amount of bandwidth as that of its allocated bandwidth.

However, simple proportional bandwidth allocation of GPS
is not proper for switch scheduling [20] [21]. The reason is
that, while flows of a gateway are constrained by only the gate-
way bandwidth, flows of a switch are subject to two bandwidth
constraints: the available bandwidth at both the input port
and output port of the flow. Calculating bandwidth allocation
for switches is an interesting problem, and some algorithms
[20] [21] have been proposed to solve it. In this paper, we
assume that bandwidth allocation has been calculated using
such algorithms, and the scheduling scheme just needs to
schedule packets to ensure the allocated bandwidth of each
flow.

Given the calculated bandwidth allocation, GPS can divide
the bandwidth of a switch into logical channels. Each flow has
an independent channel, and the channel bandwidth is equal to
the allocated bandwidth of the flow. When we use GPS as the
ideal fairness model to evaluate a switch scheduling scheme,
we compare the amount of service that a flow receives in the
scheme and in GPS, under the same allocated bandwidth.

III. PERFORMANCE ANALYSIS

In this section, we analyze the performance of the fair
queueing based packet scheduling scheme.

As discussed in Section II, we can adopt a fair queueing
algorithm (FQA) for input scheduling and output scheduling to
provide performance guarantees. To evaluate the performance
of the scheduling scheme, we need to compare FQA with GPS,
and we use the notation “A-B” to differentiate the algorithms
used for input scheduling and output scheduling. A and B
are the algorithms for input scheduling and output scheduling,
respectively, and each can be either FQA or GPS. If we
do not care the algorithm for output scheduling, we use a
* mark for B. In the case of GPS-GPS, each flow has an
independent channel, and its packets can stream like a fluid
from the input port to the output port without buffering in
the middle. Otherwise, if FQA is used for input scheduling
or output scheduling, because of the store-and-forward nature
[22] of practical networks, we assume that a packet has to be
fully buffered at the crosspoint buffer before it is sent to the
output port.

We make some general assumptions about the properties of
FQA, which will be used to analyze the performance of the
switch scheduling scheme. Use Aflow(0, t) and Âflow(0, t) to
represent the amount of service that a flow receives during the



interval [0, t] in FQA and GPS, respectively. We assume that
FQA has bounded fairness guarantees.

Property 1: FQA has a fairness guarantee lower bound of
ALB and upper bound of AUB , i.e.

ALB ≤ Aflow(0, t) − Âflow(0, t) ≤ AUB (1)

Use F k
flow and F̂ k

flow to represent the service finish time of the
kth packet of a particular flow in FQA and GPS, respectively.
We assume that FQA has bounded delay guarantees.

Property 2: FQA has a delay guarantee lower bound of
ALB and upper bound of AUB , i.e.

FLB ≤ F k
flow − F̂ k

flow ≤ FUB (2)

The bandwidth allocation algorithms mentioned in Section
II calculate for each flow Fij its allocated bandwidth rij(t),
which is a function of time t with discrete values in practice.
The calculated bandwidth allocation should be feasible, i.e. no
over-subscription at any input port or output port

∀i,
∑

j

rij(t) ≤ R, and ∀j,
∑

i

rij(t) ≤ R (3)

We first define some notations for input scheduling. Define
the virtual input start time and finish time of P k

ij , denoted as

ÎS
k

ij and ÎF
k

ij , to be the service start time and finish time of
P k

ij at Ini in GPS-*, respectively. In other words, if GPS is

the input scheduler, ÎS
k

ij and ÎF
k

ij are the time that the first
bit and last bit of P k

ij leave Qij , respectively. According to

the definition of GPS, ÎS
k

ij can be calculated as follows

ÎS
k

ij = max
(
IAk

ij , ÎF
k−1

ij

)
(4)

where IAk
ij is the arrival time of P k

ij at the input port. ÎF
k

ij

satisfies the following relationship∫ ÎF
k

ij

ÎS
k

ij

rij(x)dx = Lk
ij (5)

where Lk
ij is the length of P k

ij . Because rij(t) has only discrete

values in practice, ÎF
k

ij can be easily calculated. For example,

if rij(t) is a constant rij during
[
ÎS

k

ij , ÎF
k

ij

]
, ÎF

k

ij can be
calculated as

ÎF
k

ij = ÎS
k

ij +
Lk

ij

rij
(6)

We say that Qij is backlogged at time t, if there exists k

such that ÎS
k

ij ≤ t ≤ ÎF
k

ij . Intuitively, Qij is backlogged
at t if Qij has buffered bits at t in GPS-*. Define q̂ij(t) to
represent the backlog status of Qij at t. q̂ij(t) = 1 or 0 means
that Qij is backlogged or empty at t.

Correspondingly, define the actual input start time and finish
time of P k

ij , denoted as ISk
ij and IF k

ij , to be the time that the
first bit and last bit of P k

ij leave Qij in FQA-*. Apparently

IF k
ij = ISk

ij +
Lk

ij

R
(7)

Use toBij(t1, t2) and t̂oBij(t1, t2) to represent the numbers
of bits transmitted by Fij from Ini to Bij during interval

[t1, t2] in FQA-* and GPS-*, respectively. Based on the
definition of GPS, t̂oBij(t1, t2) can be calculated as

t̂oBij(t1, t2) =
∫ t2

t1

rij(x)q̂ij(x)dx (8)

Next, we define the notations for output scheduling. Define
the virtual output start time and finish time of P k

ij , denoted as

ÔS
k

ij and ÔF
k

ij , to be the time that the first bit and last bit of
P k

ij leave Bij in FQA-GPS, respectively. In other words, after
P k

ij is delivered to Bij in FQA, if GPS is the output scheduler,

P k
ij will start transmission at ÔS

k

ij and finish at ÔF
k

ij . ÔS
k

ij

is calculated as

ÔS
k

ij = max
(
OAk

ij , ÔF
k−1

ij

)
(9)

where OAk
ij is the arrival time of P k

ij at Bij in FQA-*, and is

equal to IF k
ij by neglecting propagation delay. ÔF

k

ij satisfies
the following relationship∫ ÔF

k

ij

ÔS
k

ij

rij(x)dx = Lk
ij (10)

We say that Bij is backlogged at time t, if there exists k

such that ÔS
k

ij ≤ t ≤ ÔF
k

ij . Define b̂ij(t) to represent the
backlog status of Bij at t. b̂ij(t) = 1 or 0 means that Bij is
backlogged or empty at t.

Define the actual output start time and finish time of P k
ij ,

denoted as OSk
ij and OF k

ij , to be the time that the first bit and
the last bit of P k

ij leave Bij in FQA-FQA, respectively. It is
obvious that

OF k
ij = OSk

ij +
Lk

ij

R
(11)

Use toOij(t1, t2) and t̂oOij(t1, t2) to represent the numbers
of bits transmitted by Fij from Bij to Outj during interval
[t1, t2] in FQA-FQA and FQA-GPS, respectively. t̂oOij(t1, t2)
is calculated as

t̂oOij(t1, t2) =
∫ t2

t1

rij(x)b̂ij(x)dx (12)

A. Crosspoint Buffer Size Bound
To avoid buffer overflow at crosspoints, we would like to

find the maximum number of bits that may be buffered at any
crosspoint.

The next two lemmas compare the number of bits transmit-
ted by the same flow in the input scheduling of GPS-* and
the output scheduling of FQA-GPS.

Lemma 1: During interval [0, t], the number of bits trans-
mitted by flow Fij from crosspoint buffer Bij to output port
Outj in FQA-GPS is less than or equal to that from input port
Ini to Bij in GPS-* plus AUB , i.e.

t̂oOij(0, t) ≤ t̂oBij(0, t) + AUB (13)

Proof: By Property 1, we have toBij(0, t) ≤
t̂oBij(0, t)+AUB . In addition, because every packet sent from
Bij to Outj in the output scheduling of FQA-GPS has to be
first sent from Ini to Bij in the input scheduling, we can
obtain



t̂oOij(0, t) ≤ toBij(0, t) ≤ t̂oBij(0, t) + AUB (14)

Lemma 2: During interval [0, t], the number of bits trans-
mitted by flow Fij from crosspoint buffer Bij to output port
Outj in FQA-GPS is greater than or equal to that from input
port Ini to Bij in GPS-* plus ALB − L, where L is the
maximum packet length, i.e.

t̂oOij(0, t) ≥ t̂oBij(0, t) + ALB − L (15)

Proof: Assume that Bij in FQA-GPS is empty before
time s and is continuously backlogged during [s, t]. If Bij is
not backlogged at t, then s = t.

By Property 1, we have toBij(0, s) ≥ t̂oBij(0, s) + ALB .
Because Bij is empty before s and backlogged after s in FQA-
GPS, all packets arriving at Bij before s have been transmitted
to Outj , and a new packet arrives at Bij at s. Thus

t̂oOij(0, s) ≥ toBij(0, s) − L

≥ t̂oBij(0, s) + ALB − L (16)

On the other hand, because Bij is continuously backlogged
during [s, t], b̂ij(x) is equal to 1 in the interval. Therefore

t̂oOij(s, t) =
∫ t

s

rij(x)b̂ij(x)dx

=
∫ t

s

rij(x)dx

≥
∫ t

s

rij(x)q̂ij(x)dx

= t̂oBij(s, t) (17)

Adding (16) and (17), we have proved the lemma.
The following theorem gives the bound of the crosspoint

buffer size.
Theorem 1: In FQA-FQA, the maximum number of bits

buffered at a crosspoint buffer is bounded by L+AUB−2ALB ,
i.e.

toBij(0, t) − toOij(0, t) ≤ L + AUB − 2ALB (18)

Proof: We can obtain by Property 1

toBij(0, t) ≤ t̂oBij(0, t) + AUB (19)

t̂oOij(0, t) ≤ toOij(0, t) − ALB (20)

and by Lemma 2

t̂oBij(0, t) ≤ t̂oOij(0, t) + L − ALB (21)

Summing (19), (20), and (21), we have proved the theorem.

B. Performance Guarantees
In this subsection, we show that FQA-FQA provides

bounded fairness and delay guarantees.
Use t̃oOij(t1, t2) to denote the number of bits transmitted

by flow Fij to the output port during interval [t1, t2] in
GPS-GPS. By neglecting propagation delay, we can obtain
t̃oOij(0, t) = t̂oBij(0, t). The next theorem gives the fairness
guarantees of FQA-FQA.

Theorem 2: At any time, the difference between the num-
bers of bits transmitted by a flow to the output port in FQA-
FQA and GPS-GPS is greater than or equal to 2ALB −L and
less than or equal to 2AUB , i.e.

2ALB − L ≤ toOij(0, t) − t̃oOij(0, t) ≤ 2AUB (22)

Proof: First, we prove toOij(0, t)−t̃oOij(0, t) ≥ 2ALB−
L. By Lemma 2, we have t̂oOij(0, t) ≥ t̂oBij(0, t)+ALB−L.
By Property 1, we can obtain

toOij(0, t) ≥ t̂oOij(0, t) + ALB

≥ t̂oBij(0, t) + 2ALB − L

= t̃oOij(0, t) + 2ALB − L (23)

Next, we prove toOij(0, t)− t̃oOij(0, t) ≤ 2AUB . Accord-
ing to Lemma 1, t̂oOij(0, t) ≤ t̂oBij(0, t)+AUB . By Property
1, we have

toOij(0, t) ≤ t̂oOij(0, t) + AUB

≤ t̂oBij(0, t) + 2AUB

= t̃oOij(0, t) + 2AUB (24)

Now we look at the delay guarantees of FQA-FQA. Because
packet transmission time depends on the allocated bandwidth
of the flow, for easy analysis we assume that the allocated
bandwidth rij(t) of Fij is a constant rij during interval[
min

(
ISk

ij , ÎS
k

ij

)
,max

(
OF k

ij , ÔF
k

ij

)]
.

Use ÕF
k

ij to represent the departure time of P k
ij leaving

Outj in GPS-GPS. By neglecting the propagation delay, we

have ÕF
k

ij = ÎF
k

ij . Similarly, OF k
ij is the departure time of

packet P k
ij in FQA-FQA, if the propagation delay is neglected.

The next theorem gives the delay guarantees of FQA-FQA.
Theorem 3: The difference between the departure time of

packet P k
ij in FQA-FQA and GPS-GPS is greater than or equal

to FLB + Lk
ij

R and less than or equal to 2FUB + L+AUB−ALB

rij
,

i.e.
FLB ≤ OF k

ij − ÕF
k

ij ≤ 2FUB +
L + AUB − ALB

rij
(25)

Proof: First, we prove OF k
ij−ÕF

k

ij ≥ FLB . It is obvious

that OF k
ij ≥ OAk

ij+
Lk

ij

R . To obtain a universal delay guarantee

lower bound, we remove
Lk

ij

R from the right side, because it
depends on the length of a particular packet. By Property 2,

we know IF k
ij ≥ ÎF

k

ij + FLB , and thus

OF k
ij ≥ OAk

ij = IF k
ij ≥ ÎF

k

ij + FLB = ÕF
k

ij + FLB (26)

Next, we prove OF k
ij − ÕF

k

ij ≤ 2FUB + L+AUB−ALB

rij
.

By Lemma 2, we have t̂oBij(0, t) − t̂oOij(0, t) ≤ L−ALB ,
and by Property 1, we have toBij(0, t)− t̂oBij(0, t) ≤ AUB .
Combining them, we obtain toBij(0, t) − t̂oOij(0, t) ≤ L +
AUB − ALB . This indicates that, after P k

ij arrives at Bij in
FQA-GPS, the maximum queue length at Bij is L + AUB −
ALB . Because Bij is served with fixed allocated bandwidth
rij in FQA-GPS, we have



ÔF
k

ij ≤ OAk
ij +

L + AUB − ALB

rij

= IF k
ij +

L + AUB − ALB

rij
(27)

By Property 2, we know

OF k
ij ≤ ÔF

k

ij + FUB (28)

IF k
ij ≤ ÎF

k

ij + FUB (29)

By (27), (28), and (29), we obtain

OF k
ij ≤ ÔF

k

ij + FUB

≤ IF k
ij + FUB +

L + AUB − ALB

rij

≤ ÎF
k

ij + 2FUB +
L + AUB − ALB

rij

= ÕF
k

ij + 2FUB +
L + AUB − ALB

rij
(30)

IV. CASE STUDY: WF2Q
In this section, we use WF2Q as a case study for fair

queueing based packet scheduling, and present simulation data
to verify the analytical results obtained in Section III.

WF2Q is a time stamp based fair queueing algorithm, and
provides the tightest performance guarantees among the exist-
ing fair queueing algorithms [14]. It has a fairness guarantee
lower bound ALB = −L and upper bound AUB = L [13].
It has a delay guarantee upper bound of FUB = L

R [13]. By
the analytical results in Section III, we can easily know the
performance of WF2Q-WF2Q.

Next, we verify the performance of WF2Q-WF2Q by sim-
ulation. In the simulations, we consider a 16 × 16 buffered
crossbar switch without speedup. Each input port and output
port has bandwidth of 1G bps. Packet length is uniformly
distributed between 40 and 1500 bytes [9]. For bandwidth
allocation, we use a similar model as that in [4] and [11]. The
allocated bandwidth rij(t) of flow Fij at time t is defined by
an unbalanced probability w as follows

rij(t) =

{
R

(
w + 1−w

N

)
, if i = j

R 1−w
N , if i �= j

(31)

When w = 0, Ini has the same amount of allocated bandwidth
at each output port. Otherwise, Ini has more allocated band-
width at Outi, which is called the hotspot destination. Arrival
of a flow Fij is constrained by a leaky bucket (l ∗ rij(t), σij),
where l is the effective load. We set the burst size σij of
every flow to a fixed value of 10,000 bytes, and the burst may
arrive at any time during a simulation run. We use two traffic
patterns in the simulations. For traffic pattern one, each flow
has fixed allocated bandwidth during a single simulation run.
l is fixed to 1 and w is one of the 11 possible values from
0 to 1 with a step of 0.1. For traffic pattern two, a flow has
variable allocated bandwidth. l is one of the 10 possible values
from 0.1 to 1 with a step of 0.1, and for a specific l value, a
random permutation of the 11 different w values is used. Each
simulation run lasts for 10 seconds.
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Fig. 2. Crosspoint buffer occupancy of WF2Q-WF2Q. (a) With different
unbalanced probabilities. (b) With different loads.
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Fig. 3. Fairness guarantees of WF2Q-WF2Q. (a) With different unbalanced
probabilities. (b) With different loads.

A. Crosspoint Buffer Size
By Theorem 1, we know that WF2Q-WF2Q has a crosspoint

buffer size bound of 4L. In this subsection, we look at
the maximum and average crosspoint buffer occupancies of
WF2Q-WF2Q in the simulations.

Figure 2(a) shows the maximum and average crosspoint
buffer occupancies under traffic pattern one. As can be seen,
the maximum occupancy is always smaller than the theoretical
bound. It grows as the unbalanced probability increases, but
suddenly drops when the unbalanced probability becomes one.
The reason is that when the unbalanced probability is one, all
packets of Ini go to Outi, and thus no switching is necessary.
For the average occupancy, it does not change significantly
with different unbalanced probabilities, and drops when the
unbalanced probability becomes one for the same reason.
Figure 2(b) shows the maximum and average crosspoint buffer
occupancies under traffic pattern two. We can see that the
maximum occupancy increases as the load increases, but does
not exceed the theoretical bound. On the other hand, the
average occupancy does not change much and is smaller than
200 bytes before the load increases to one.
B. Fairness Guarantees

By Theorem 2, we know that WF2Q-WF2Q has a fairness
guarantee lower bound of −3L and upper bound of 2L. Next,
we look at the simulation data on fairness guarantees.

Define the service difference to be the difference between
the numbers of bits transmitted by a flow in WF2Q-WF2Q
and GPS-GPS. Figure 3(a) shows the maximum and minimum
service differences among all the flows under traffic pattern
one. We can see that the maximum service difference is always
smaller than the upper bound and close to zero. Furthermore, it
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Fig. 4. Jitter of WF2Q-WF2Q with different unbalanced probabilities.

is sometimes negative. This indicates that every flow transmits
a smaller number of bits in WF2Q-WF2Q than in GPS-GPS,
which is reasonable. On the other hand, the minimum service
difference is always greater than the lower bound. It drops
when the unbalanced probability increases but suddenly jumps
when the unbalanced probability becomes one. Figure 3(b)
shows the maximum and minimum service differences under
traffic pattern two. Similarly, the maximum service difference
is smaller than the upper bound and close to zero. The
minimum service difference is greater than the lower bound,
and keeps relatively constant but drops when the load becomes
one.

C. Delay Guarantees
By Theorem 3, we know that WF2Q-WF2Q has a delay

guarantee lower bound of − L
rij

and upper bound of 2L
R + 3L

rij
.

Because Theorem 3 assumes fixed allocated bandwidth rij ,
we use only traffic pattern one for this part of simulations.

Define the jitter to be the difference between the packet
departure time in WF2Q-WF2Q and GPS-GPS. Figure 4 shows
the minimum, maximum, and average jitters of a representative
flow F11 under traffic pattern one. We can see that the
minimum jitter is almost coincident with but always greater
than the lower bound, and the maximum jitter is always less
than the upper bound. As the unbalanced probability increases,
the minimum jitter increases and the maximum jitter decreases.
For most of the time, the average jitter is very close to zero,
which means that WF2Q-WF2Q and GPS-GPS have similar
average packet delay.

V. CONCLUSIONS

The introduction of crosspoint buffers enables buffered
crossbar switches to simplify the scheduling process. In this
paper, we have presented the fair queueing based packet
scheduling scheme for buffered crossbar switches. The main
features of the presented scheme can be summarized as
follows. First, unlike specific scheduling algorithms, the pre-
sented scheme is a general framework that can work with
different fair queueing algorithms to provide different perfor-
mance guarantees. Second, the presented scheme schedules
variable length packets without segmentation-and-reassembly
(SAR), avoiding padding bits and improving the switch
throughput. Third, while most existing scheduling algorithms
for buffered crossbar switches require speedup of two or more,
the presented scheme needs no speedup, and thus reduces
the hardware cost. Fourth, the presented scheme enables

distributed scheduling, because each input port and output port
needs only local information to make scheduling decisions.

By theoretically analysis, we show that the presented
scheme has a bounded crosspoint buffer size, independent of
the switch size. In addition, we prove that it provides bounded
performance guarantees. Finally, we use WF2Q as a case study,
and present simulation data to verify the analytical results.
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