03/007517 A1l

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date

)\

o e~
(i8] U5~

(10) International Publication Number

23 January 2003 (23.01.2003) PCT WO 03/007517 Al
(51) International Patent Classification’: H04J 3/06 (utility model), DE, DK (utility model), DK, DM, DZ, EC,
EE (utility model), EE, ES, FI (utility model), FI, GB, GD,
(21) International Application Number: PCT/US02/21197 GE, GH, GM, HR, HU, ID, 1L, IN, IS, JP, KE, KG, KP, KR,
. . KZ,LC,LK,LR,LS, LT, LU, LV,MA, MD, MG, MK, MN,
(22) International Filing Date: 3 July 2002 (03.07.2002) MW, MX, MZ (utility model), NO, NZ, OM, PH, PL, PT,
- . . RO, RU, SD, SE, SG, SI, SK (utility model), SK, SL, TJ,
(25) Filing Language: English TM, TN, TR, TT, TZ, UA, UG, UZ, VN, YU, ZA, ZM, ZW.
(26) Publication Language: English  04) Designated States (regional): ARIPO patent (GH, GM,
(30) Priority Data: KE, LS, MW, MZ, SD, SL, SZ, TZ UG, ZM, ZW),
60/304,600 11 July 2001 (11.07.2001) ~ US Burasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),

(71) Applicant: OVERTURE NETWORKS, INC. [US/US];
First Flight Center, Suite 137, 2 Davis Drive, Research Tri-
angle Park, NC 27709 (US).

(72) Inventors: PATE, Prayson, Will;, 8 Rose Bay Road,
Durham, NC 27713 (US). LYNCH, Robert, Leroy; 7516
Pat’s Branch Drive, Raleigh, NC 27612 (US). POUPARD,
Michael, Joseph; 450 Dreamcatcher Trail, Youngsville,
NC 27696 (US).

(74) Agent: FLYNN, Kevin, E.; Daniels & Daniels, P.A., Post
Office Drawer 12218, Research Triangle Park, NC 27709
(US).

(81) Designated States (national): AE (utility model), AG, AL,
AM, AT (utility model), AT, AU, AZ, BA, BB, BG, BR, BY,

European patent (AT, BE, BG, CH, CY, CZ, DE, DK, EE,
ES, FI, FR, GB, GR, IE, IT, LU, MC, NL, PT, SE, SK,
TR), OAPI patent (BF, BJ, CE CG, CI, CM, GA, GN, GQ,
GW, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

as to the identity of the inventor (Rule 4.17(i)) for all des-
ignations

as to applicant’s entitlement to apply for and be granted a
patent (Rule 4.17(ii)) for all designations

as to the applicant’s entitlement to claim the priority of the
earlier application (Rule 4.17(iii)) for all designations

Published:

with international search report

before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of

BZ, CA, CH, CN, CO, CR, CU, CZ (utility model), CZ, DE amendments
[Continued on next page]
(54) Title: AUTOMATIC ADJUSTMENT OF BUFFER DEPTH
330 358
p UF OF or PP

302

210 \308 . UForOF 220 {324 UForOF

304 L T=Ty M T=Ty
JAB =D, ~ JAB=D,
= f Depth =% Dy, | EDE Depth =Y. Dy E
£l 8= e &= he
@ Ay /38 S gl /334 [’ i
[ S| (=] o}
s} m m \é ﬂ 1 ' 1
'l o o N-]

ol v 328 © 344 a a
« _Timer Expired Timer Expired

215 ) ) 225

LR 314 P \ MR

] - JAB=Dy N
112 332 -
JAB=D, ©

(57) Abstract: The size of a Jitter Absorption Buffer (JAB) 34 is automatically changed in response to changes in network condi-
tions. The JAB size is changed based on the fullness of the JAB and the recent variations in JAB depth. Automatic adjustment allows
for a balance of providing adequate correction for Packet Delay Variation (PDV) while avoiding unnecessary increases in Absolute
Packet Delay (APD) from the prolonged use of an oversized JAB. This abstract is provided as a tool for those searching for patents,

and not as a limitation on the scope of the claims.



w0 03/007517 A1 NN 000 .0

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations” appearing at the begin-
ning of each regular issue of the PCT Gazette.



10

15

20

25

30

WO 03/007517 PCT/US02/21197

AUTOMATIC ADJUSTMENT OF BUFFER DEPTH

This application claims priority from co-pending US provisional application
No. 60/304,600 filed July 11, 2001 having common assignee and the title Automatic
Adjustment of Buffer Depth for the Correction of Packet Delay Variation.

This application uses a measurement of PDVp for triggering changes in state. One
suitable method for measuring PDVp can be found in co-pending US provisional
application No 60/307,747 filed July 25, 2001 having common assignee and the title
Measurement of Packet Delay Variation.

For the convenience of the reader, various acronyms and other terms used in the
field of this invention are defined at the end of the specification in a glossary. Other
terms used by the applicant to define the operation of the inventive system are defined
throughout the speo;:iﬁcation. For the convenience of the reader, applicant has added a
number of topic headings to make the internal organization of this specification apparent
and to facilitate location of certain discussions. These topic headings are merely
convenient aids and not limitations on the text found within that particular topic.

In order to promote clarity in the description, common terminology for
components is used. The use of a specific term for a component suitable for carrying out
some purpose within the disclosed invention should be construed as including all
technical equivalents which operate to achieve thé same purpose, whether or not the
internal operation of the named component and the alternative component use the same
principles. The use of such specificity to provide clarity should not be misconstrued as
limiting the scope of the disclosure to the named component unless the limitation is made

explicit in the description or the claims that follow.

FIELD OF THE INVENTION

This invention relates to communications systems and methods, in particular, to
packet communication systems and methods. More specifically, the invention relates to
systems and methods of using a Jitter Absorption Buffer (JAB) to absorb propagation

delay variation in packet arrival time.
BACKGROUND OF THE INVENTION

Delay and Delay Variation in Packet Communications Systems

Packet communication systems, or networks, are commonly used for the

conveyance of information for data applications. In general, these data applications are
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insensitive to absolute propagation delay (APD - the time it takes for a packet to
propagate through the network) and propagation delay variation (PDV - changes in the
APD, also known as jitter or wander).

Packet communications systems can also be used for transport of applications that
are sensitive to APD and PDV. Examples include: 1) Direct voice applications such as
VoIP; 2) Leased line applications transported via circuit emulation; 3) Video
applications; and 4) Certain data protocols such as SNA. These examples are illustrative
and not an exhaustive list.

It is fairly easy to remove the high frequency components of PDV using a Phase-
Locked Loop (PLL). Throughout the rest of this application, PDV will refer to only the
low frequency components of PDV.

Sensitivity to APD and PDV can be addressed in one of three ways:

First, the sensitive applications could be modified to handle larger values of APD
and PDV. Increased tolerance of APD and PDV would come at the expense of decreased
signal quality, or increased application complexity, or both. For example, some
applications may dynamically modify the drain rate, use Forward Error Correction (FEC)
systems to offset the impact of missing packets, or use various filling techniques to
compensate for packets late enough to be treated as missing. Also, this approach is not
suitable for many “legacy” applications that are no longer maintained or updated by their
vendors.

Second, the APD and PDV of the network could be tightly controlled. This may
not be feasible or cost-effective in existing packet networks. APD is composed of two
main components: propagation delay via fibers or radio waves, and switching/queuing
delays. Both of these components are difficult to change in a given network. PDV is
usually caused by congestion. Traffic engineering or over-provisioning of bandwidth
may reduce PDV, but these approaches may not be practical. One resource-intensive
solution is to transmit a duplicate set of data along another route to reduce the chances
that both a packet and its duplicate would be lost or excessively delayed. It would be
preferable to achieve improvements in signal quality, rather than take the extreme
measure of doubling the load on the network and more than doubling the processing to be
performed at the receiving end.

The third alternative is that an external device could absorb the PDV by using a
Jitter Absorption Buffer (JAB). The tradeoff with this alternative is that increased

tolerance to PDV comes at the expense of APD. It is desirable to minimize APD for
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some applications like voice, but the JAB should be large enough to account for the
variations in the rate of receiving packets, so that the buffer of received data does not
frequently underflow (become empty) or overflow.

Figure 1 illustrates how a JAB can correct PDV. Figure 1A illustrates the general
progression from transmit bits 10 through encapsulation 14 to transmit packets 20
through the packet network 24 to arriving packets 30 through the JAB 34 and de-
encapsulation 38 to become a stream of receive bits 40. Consider a CBR (constant bit
rate) application where the bits are created at constant rate R. The rate R remains
constant because there are no pauses in the data stream. The application at the receiving
end is typically set to receive and process bits at the same rate R. On the path from
creation to processing at the receive end the transmit bits 10 first arrive at a device that
encapsulates them into packets and injects the transmit packets 20 into a packet
network 24 at rate P. Just as the bits arrive from the application at regular intervals (line
10 of Figure 1B), the encapsulating device 14 sends out packets at regular interval (line
20 of Figure 1B). However, the intervening packet network is not perfect, so it

introduces PDV due to congestion.

Use of a JAB to Correct PDV

A system that is receiving packets from a network that introduces PDV will see
the incoming packets arrive at a rate that over a large period of time averages out to be
the creation rate P. But from moment to moment, the receive rate varies as congestion in
the network causes variation in the amount of time for a packet to traverse the network.
The received packets 30 are processed at the receive end and the encapsulated bits are
extracted and placed into the JAB. Note that line 30 of Figure 1B shows how the
rhythmic release of transmit packets 20 has been distorted by variations in the APD for
the various packets so that the stream of arriving packets 30 is irregular.

The JAB 34 absorbs the PDV by having a queue of received packets so that a
steady stream of receive bits 40 can be released from de-encapsulation 38 (see Line 40 in
Figure 1B). The removal of PDV comes at the expense of APD. This is because the
JAB adds additional delay to the packets that have traversed the network quickly, so that
their APD is the same as packets that took a longer time to traverse the network.

In some ways, the use of a conservatively large JAB is worse than the situation of
a convoy, where the convoy travels at the speed of the slowest ship. In this case the ships

(packets) are free to travel across the ocean at their own speed but must wait outside the
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port (in the JAB) to re-form the convoy before entering the port. Furthermore, they must
wait long enough for the slowest ship that has ever made the trip, even if all of the ships
have arrived. A large JAB would mean that the system receiving the bits would be able
to correct all but the most extreme instances of PDV, but APD is adversely affected
because the APD for each of the packets is increased by the delay caused by the average
depth of the JAB.

Some current methods for the correction of PDV use a fixed size JAB. Examples
include: ASICs for ATM; CES and inverse multiplexers for ATM; and Frame Relay.
While these devices sometimes allow for the user to configure the system to use one of
several fixed values for the buffer, none of these devices dynamically adjust the buffer
based on network conditions.

Other methods for the correction of PDV are adaptive, such as those used for
VoIP and streaming video. These methods are designed for data streams such as voice or
video that have the following characteristics: 1) Small imperfections are usually
acceptable, so the effect of a discarded packet is small; 2) It is possible to construct a
good approximation of missing data; and 3) There may be “quiet” periods that allow for
simple re-sizing of the buffer.

These assumptions do not hold for arbitrary data streams such as those created
during circuit emulation. Since these assumptions do not hold, these approaches are of
limited use for arbitrary data streams. There is an unmet need for a system that can adjust
to changes in network conditions to dynamically resize the JAB buffer and do so hitlessly

under most circumstances that without introducing bit errors into the output.

Notes on Time Versus Packets Versus Bytes
In different situations, it is convenient to discuss the size of the JAB in terms of

time, packets or bytes.

Time - Because APD and PDV are normally measured in units of microseconds (us) or
milliseconds (ms); it may useful to discuss the size of the JAB in terms of time.

Packets - It is more convenient to talk about the JAB in terms of packets when
considering the current depth or fullness of the JAB.

Bytes - The JAB feeds a circuit interface, so it is drained byte-by-byte. Also a discussion
of a physical implementation is also more convenient in terms of bytes.

Here are some useful conversion formulas:

JAB Depth (time) = 8 bits/byte * JAB Depth (bytes) / Circuit Bit Rate R (bps)
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Packet Period (time) = 1 / Packet Rate P (pps)

Packet Payload (bytes) = Circuit Bit Rate R (bps) * Packet Period (time) / 8 bits/byte
JAB Physical Memory (bytes) = JAB Depth (time) * Circuit Bit Rate R (bps) / 8
bits/byte

Examples for common circuit types and rates are shown in Table 1 below.

Table 1: Comparison of Time, Packets and Bytes for Common Transmission Circuits

Circuit Packet Packet | Physical memory (Kbytes) for a
Circuit Rate |Packet Frame| Payload | Packet | RateP JAB of this depth in ms
Type (Mbps) Count (bytes) |Period (us)| (pps) 32 64 128
Tl 1.544 10’ 241.25 1250 800 6.2 124 24.7
T3 44.736 12 699 125 8000 178.9 3579 715.8
0C3 155.52 0.5° 1215 | 625 16000 622.1 1244.2 24883

1 10 frames gives a good balance between efficiency (~83% with 50 bytes overhead) and capture delay
Notes: (1 ms)

22 frames would exceed the 1508 byte maximum packet size for Ethernet
® 1 frame would exceed the 1508 byte maximum packet size for Ethernet

The packet periods shown are typical, but they could be higher or lower for a
given implementation.

Thus, a review of prior art solutions reveals a gap in solutions that work well for
arbitrary data streams that do not lend themselves to the assumptions necessary for some
prior art solutions.

It is therefore an object of this invention to provide robust correction of PDV in
the presence of a network that is changing its PDV due to loading, congestion or other
impairments.

It is a further object of this invention to provide robust correction of PDV without
unduly increasing APD.

These and other advantages of the present invention are apparent from the

drawings and the detailed description that follows.

SUMMARY OF THE DISCLOSURE
This disclosure reveals a method of PDV correction that is achieved through the

dynamic control of the size of a JAB. Dynamic control allows for the minimum

incremental APD that is sufficient for the correction of the PDV existing in the network.
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BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 illustrates the flow path and timing of bits and packets in a network with

some variation in PDV.

Figure 2 provides a graphical depiction of the state machine, including the states
and transitions.

Figure 2A provides a graphical depiction of an alternative embodiment of the state
machine, including the states and transitions. This embodiment uses the built-in capacity
of a JAB buffer to reset to Y% of the current buffer capacity.

Figure 3 illustrates the concept of various tiers of control strategies to keep the
JAB depth centered within a JAB buffer of capacity Dy .

Figure 4 illustrates the concept of setting the JAB depth to either a depth biased to
handle an expected surge or slowdown in packets arrivals following an underflow or an

overflow.

DETAILED DESCRIPTION OF A PREFERRED EMBODIMENT

Dynamically Adjust the Depth of the JAB to Correct PDV

Since a small JAB size leads to loss of packets and a large JAB size increases
APD, JAB size becomes an important design choice. In contrast to prior art solutions
with fixed JAB sizes, the approach of the invention is to dynamically size the JAB based
on network conditions. The disclosed method takes into account the fullness of the JAB,
as well as on PDVp, which is the peak-to-peak value of the PDV. One method for
measuring PDVpis disclosed in the co-pending ‘747 application referenced above.
The general rules for changing the size of the JAB are:
e Ifthe JAB is almost empty or almost full, then re-center the JAB by modifying the
output clock rate.
e If the JAB overflows or underflows, or if the PDVp is high, then rapidly increase
the size of the JAB.
o If the JAB is not almost empty or almost full, and if PDVP is low for a sustained
period of time, then re-center the JAB on the next lower size and then change the
JAB to that size.
This approach allows the JAB to compensate for the peak-to-peak range of the low
frequency component of PDV (“PDVP”) in the network, and yet be as small as possible in

order to limit the incremental APD caused by JAB size.
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State Machine
In a preferred embodiment of the present invention, there are three states, each with

its own JAB size. This invention can be extended to any system that dynamically
changes from one JAB size to another based on current conditions. Thus the number of
states can be any number two or larger. Two states would probably be too coarse. It is
currently felt that the optimal number of states would be from 3 to 5 states to avoid
having an unduly complex system. This disclosure will explain the concept through the
use of a three state example.

The three states are:

e Low — This is the steady state when the current PDVp is low as defined by the

threshold L.

e Medium — This is the steady state when the current PDVp is medium as defined by
the thresholds L and M.

e High — This is the steady state when the current PDV5 is high as defined by the
threshold M.

There is also a timer T that is used in the states Medium and High. Once these states
are entered, they cannot be exited for a state with a lower JAB size until the timer expires.
(Note that although the same value T is used for both timer periods in this example, is it
not a requirement of this invention that the same time delay be used for each movement
from larger JAB to smaller JAB). The JAB size is set during transitions between states.
This allows the JAB to be sized according to the current network PDVp.

The inputs to the state machine are:

e Almost Full — this is based on the High Water Mark (HWM) that is sampled
periodically. The HWM indicates the fullest that the JAB has been since the last
time it was sampled.

e Almost Empty — this is based on the Low Water Mark (LWM) that is sampled
periodically. The LWM indicates the emptiest that the JAB has been since the
last time it was sampled.

e PDVp — This is a measure or estimate of the peak-to-peak range of the low
frequency component of PDV.

Table 2 describes the state machine. Figure 2 provides a graphical depiction of the

state machine described in Table 2, including the states and transitions.
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Table 2: State Machine For Control of JAB

States» Low Low Medium Medium High High
(Initial Re-Center1 Re-Center ! Re-Centerl
State)
v Abbreviation» L LR M MR H HR
Status' JAB DL DL or DM DM DM or DH DH DH
Depth
UF Underflow Set timer to Ty Set timer to Ty
OF Or Overflow Set JAB to Dy Set JAB to Dy
Set depth to %2 2 Set depth to 2 2
— M — H
E 0<LWM<2 — LR No Change — MR [ NoChange | — HR | No Change
FFF DL-2<HWM<Dy — LR No Change
FF | Dy-2<HWM<Du No Change | — MR [ No Change
F Dy—2<HWM<Dy No Change [ — HR | No Change
P L<PDVp< M Set JAB to Dy Set timer to Ty No Change
— MR —M
PP M <PDV; Set JAB to Dy Set timer to Ty No Change
— HR — H
TE Timer Expired NAY n/a? — LR At — MR At
BC Buffer Centered No Change5 Set JAB to D;° No Change5 Set JAB to Dy’ No Changes —H
: —L —M

Notes:

1. In the LR, MR and HR states the read clock is run at the maximum or minimum rate until the buffer is re-
centered. This does not affect the data.

2. Setting the depth to ¥ means manipulating the read and/or write pointers so that the buffer is half full. Note
that this is a disruptive operation. Since an overflow or underflow has already occurred, a further disruption is
acceptable in order to restore normal operation as quickly as possible.

3. One of skill in the art could modify the controls for P and PP to be L < PDVp <M and M < PDVp without
deviating from the teaching of this invention..

4, Timer is not running when in this state.

5. Whether the buffer is centered is not considered in this state.

6. JAB will already be set to Dy, if previous state was L.

7. JAB will already be set to Dy if previous state was L or LR.

State Transitions and Resizing the JAB
In most situations, the optimum state of the JAB is half full. Half full gives the most

tolerance to positive or negative bursts of PDV. It is therefore desirable to center the JAB
following a change of state and JAB size setting. The re-centering occurs in the LR, MR
and HR states.

e When the JAB is less than half full, the output clock (“drain rate™) is slowed to the
minimum allowable value until the JAB is filled to half full or more. For a JAB
on a T1 line, the minimum rate is the nominal rate R (1.544 Mbps) — 50 ppm
(parts per million), for a rate of 1,543,922.8 bps.

e When the JAB is more than half full, the output clock (“drain rate”) is increased to
the maximum allowable value until the JAB is drained to half full or less. For a
T1 line, the maximum rate is 1.544 Mbps + 50 ppm = 1,544,077.2 bps.

The worst-case time for increasing the size of the JAB is when the JAB is empty. The

corresponding time is given by the time that it takes to increase the new buffer depth to
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half full. The worst-case time for decreasing the JAB size is even longer. This is when
the buffer is at the “almost full” threshold and must be drained from the old size down to

half of the new size. Examples for adjustment times are shown in Table 3 below.

Table 3: Examples of JAB Adjustment Times

Max. Max. D= 10 Dy~ 40 Dy= 127
Freq. Depth Time to adjust JAB size (minutes)

Circuit Required Change Change | Old (ms) [ 38 | 125 2 2 2
Circuit Rate Accuracy Rate Rate New (ms) 5 20 5 20 63
Type (Mbps) (ppm) (bps/s) (ms/s) Delta (ms) 33 105 3 18 61
Tl 1.544 50 77.2 0.05 11 35 1 6 20
T3 44.736 50 2236.8 0.05 11 35 1 6 20
0C3 155.52 20 31104 0.02 28 88 3 15 51

To ensure system stability, it is useful to make sure that the JAB is re-centered for
the size of the smaller JAB before allowing a transition to a state with a smaller JAB size.
Thus, in the preferred embodiment, the state machine includes state LR, MR, HR as
interim states for some transitions to L, M, or H. Once the JAB depth reaches 50% of the
size for the target JAB buffer, the state moves from LR to L, MR to M, or HR to H.
Sometimes the JAB depth will reach and cross the 50% threshold before the next time
JAB depth is sampled. The system will count this as being re-centered and will then
transition from LR, MR, or HR to the corresponding state of L, M, or H.

An alternative embodiment would rely an appropriate timer value and the altered
clock speed to achieve the centering and would trigger a state change upon expiration of
the timer without requiring that the JAB actually reach the 50% size target.

Those of skill in the art could expand the target range of 50% to 50% to a range of
acceptable center values such as 45% to 55% of the relevant size, 40% to 60% of the
relevant size, and so on. This would expand the definition of re-center so that the re-
centering process finishes faster. While we have expressed this concept in terms of
percentages, it could be incorporated using fractions such as 1/3 and 2/3 that do not
translate into non-repeating decimal numbers without deviating from the spirit of this
invention. The term percentages should be read to include fractional values.

Special Treatment of Underflows and Overflows.

In the event of an underflow or overflow event, the JAB size is increased from L
to M or M to H and the JAB depth is set at ; of the new JAB size. Filler data is added if
necessary to achieve a depth of % of the new JAB size.
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As illustrated in Figure 4, a variation of the scheme described above is to make an
exception when there is an overflow for in a JAB that is already at the largest size. In this
case, one can anticipate that the surge in packets that led to the overflow will be followed
by a slow period with fewer packets arriving. Thus, the highest level of stability would
come from setting the JAB buffer depth at something above half full. In order to avoid
triggering the applicable test for F, the JAB depth would need to be below F. In one
preferred implementation, when the largest JAB has an overflow, the buffer depth is set
to 7/8" of the buffer size. This modification allows for more robust operation in the
presence of large amounts of PDV.

Similarly, the scheme can be modified so that the buffer is forced to something
between the trigger for E and half the buffer size after an underflow when the JAB is
already at its largest size. Unless there is some other major system problem, an
underflow should be followed by a surge in the number of packets arriving over a period
of time. In one preferred implementation, the response to an underflow when the buffer

is already at its largest size is to set buffer depth at 1/8" of the buffer size.

Detailed Examination of State Machine in Figure 2

With the preceding explanation of the operation of the state machine 200 shown
in Figure 2. The state transitions can be set forth as follows.

302 transition from L 210 to HR 235 when PP (M<= PDVp), that is when PDVp
exceeds or equals the upper threshold for state M.

304 transition from L 210 to MR 225 when P (L<= PDVp <M), that is when
PDV; is beyond the upper threshold for state L but below the upper threshold for state M.

306 transition from L 210 to LR 215 when E that is when JAB depth is detected at
or below 2 packets but there is not an underflow, or when FFF, that is when JAB depth is
detected within 2 packets of JAB size for state L but there has not been an overflow. This
transition from L to LR works to re-center the JAB depth in an attempt to avoid an
underflow or overflow.

308 transition from L 210 to M 220 when there is an underflow or overflow. The
JAB depth is set to /2 of Dy

312 transition from LR 215 to HR 235 when PP (M<= PDV5), that is when PDVp
exceeds or equals the upper threshold for state M.
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314 transition from LR 215 to MR 225 when P (L<= PDVp <M), that is when
PDV5 is exceeds or equals the upper threshold for state L but below the upper threshold
for state M.

316 transition from LR 215 to L 210 after completion of the centering operation.
In the preferred embodiment this is triggered when the JAB depth reaches 50% of the
current JAB size for state L.

318 transition from LR 215 to M 220 upon underflow or overflow. The JAB
depth is set to ¥ of Dy.

322 transition from M 220 to HR 235 when PP (M<= PDVp), that is when PDVp
exceeds or equals the upper threshold for state M.

324 transition from M 220 to H 230 when there is an underflow or overflow. The
JAB depth is set to 2 of Dy.

326 transition from M 220 to MR 225 when E that is when JAB depth is detected
at or below 2 packets but there is not an underflow, or when FF/FFF, that is when JAB
depth is detected within 2 packets of the JAB size for state M but there has not been an
overflow. This move from M to MR triggers an effort to move the JAB depth back
towards the center to avoid an overflow or underflow.

328 transition from M 220 to LR 215 upon completion of timer set to Ty upon
entry into state M and reset anytime condition P is detected, that is when PDVp is beyond
the upper threshold for state L but below the upper threshold for state M.

330 transition from M 220 to M 220 when P (L<= PDVp <M), that is when PDVp
exceeds or equals the upper threshold for state L but below the upper threshold for
state M.

332 transition from MR 225 to HR 235 when PP (M<= PDVp), that is when PDVp
exceeds or equals the upper threshold for state M.

334 transition from MR 225 to H 230 when there is an underflow or overflow.
The JAB depth is set to /2 of Dy.

336 transition from MR 225 to M 220 after completion of the centering operation.
In the preferred embodiment this is triggered when the JAB depth reaches 50% of the
current JAB size for state M.

342 transition from H 230 to HR 235 when E that is when JAB depth is detected
at or below 2 packets but there is not an underflow, or when F/FF/FFF, that is when JAB
depth is detected within 2 packets of JAB size for state H but there has not been an
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overflow. The movement from H to HR causes an effort to re-center the JAB depth in an
attempt to avoid an underflow or overflow.

344 transition from H 230 to MR 225 upon completion of timer set to Ty upon
entry into state H and reset anytime condition underflow, overflow, or PP is detected, that
is when PDVp is beyond the upper threshold for state M.

352 transition from HR 235 to H 230 upon overflow. May optionally set JAB
depth to 7/8® of Dy

354 transition from HR 235 to H 230 upon underflow. May optionally set JAB
depth to 1/8™ of Dy.

356 transition from HR 235 to H 230 after completion of the centering operation.
In the preferred embodiment this is triggered when the JAB depth reaches 50% of the
current JAB size.

358 transition from H 230 to H 230 when PP (M<= PDVp,), that is when PDVp is
exceeds or equals the upper threshold for state M; or after and overflow or underflow.
Reset timer to Ty

Thus, as illustrated in Figure 3, the present invention teaches the advantages of
having several tiers of control mechanisms to keep the JAB depth towards the center of
the JAB capacity. In addition to the normal operation, there is another mechanism to
gradually re-center the buffer depth if the buffer depth reaches E or F/FE/FFF. If the
buffer depth goes to underflow or overflow, then more drastic measures are taken to force

the depth to a centered value (or a biased centered value as described above).

Default Values

Table 4 below shows the default values for the timers and the various attributes of the
JAB and the state transitions. Note that the operator may set these values. The timer

values in the table are for a T1 where the maximum deviation is 50 ppm.
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Table 4: Typical Values
Parameter Default Value for a packet size of 8 frames
T 15 minutes
Dy 10 ms = 10 packets
Tum 15 minutes
Dy 40 ms = 40 packets
Tu 15 minutes
Dy 127 ms = 127 packets
L 5 ms = 5 packets.
M 32 ms = 32 packets
Parameter Alternative set of values for a packet size of 10 frames
T, 15 minutes
Dy 12.5 ms = 10 packets
Twm 60 minutes
Dy 40 ms = 32 packets
Tu 60 minutes
Dy 159 ms = 127 packets
L 6 ms or 4.8 packets
M 32 ms or 25.6 packets

ALTERNATIVE EMBODIMENTS
Although it is believed that the state machine in Figure 2 has advantages over the

state machine in Figure 2A, Figure 2A represents a compromise that may be useful in
implementing the teachings of this patent. Figure 2A has replaced

308 transition from L 210 to M 220 when there is an underflow or overflow. The
JAB depth is set to %2 of Dy. with:

3081 transition from L 210 to MR 225 when there is an underflow or overflow.
JAB capacity is set to Dy, The JAB depth is set to 2 of L.

The embodiment takes advantage of the built-in capacity of JAB buffers to reset
to % of current capacity upon underflow or overflow. Thus, the transition from state
L 210 to state M 220 is done in steps. Reset depth, change capacity to Dy, achieve the
centering state in MR 225 and transition 336 to state M 220. For the same reasons,
Figure 2A shows transition 3241 replacing transition 324, transition 3181 replacing
transition 318, and transition 3341 replacing transition 334.

The present invention can be combined with adaptive timing which alters the
drain rate of the JAB buffer based on the average arrival time of packets. Thus, the
“normal operation” shown in Figure 3 can incorporate adaptive timing to provide
moderate correction for swings in JAB depth and be augmented with the more severe
adjustments to drain rate when the depth goes below E or above F/FF/FFF as described

above.
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Those skilled in the art will recognize that the methods and apparatus of the
present invention has many applications and that the present invention is not limited to
the specific examples given to promote understanding of the present invention.
Moreover, the scope of the present invention covers the range of variations,
modifications, and substitutes for the system components described herein, as would be
known to those of skill in the art.

The legal limitations of the scope of the claimed invention are set forth in the
claims that follow and extend to cover their legal equivalents. Those unfamiliar with the
legal tests for equivalency should consult a person registered to practice before the patent

authority which granted this patent.

Acronyms and Abbreviations

APD Absolute Packet Delay
CBR Constant Bit Rate

bps bits per second

JAB Jitter Absorption Buffer
LWM Low Water Mark
HWM High Water Mark

ms milliseconds

ppm parts per million

pps packets per second
PDV Packet Delay Variation

us microseconds
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Claims

1. A method for dynamically sizing a jitter absorption buffer to react to network
conditions, the method comprising: ”
A.  detecting a period of packet delay variation above a first threshold level;
B. hitlessly increasing the jitter absorption buffer size from a first size to a second
size;
C. detecting a period of packet delay variation below the first threshold level; and
D.  hitlessly decreasing the jitter absorption buffer size from the second size to the
first size;
whereby the size of the jitter absorption buffer is increased to compensate for network
conditions leading to elevated levels of packet delay variation and decreased in order to
limit any incremental packet delay attributed to jitter absorption buffer depth.
2. The method of claim 1 wherein:
o the step of increasing the jitter absorption buffer size from the first size to the
second size includes an act of setting a timer to time a period P; and
e the step of decreasing the jitter absorption buffer size from the second size to the
first size occurs after the timer reaches time P.
3. The method of claim 2 wherein the step of decreasing the jitter absorption buffer
size from the second size to the first size occurs after the timer reaches time P, includes a
step of restarting the timer upon detection of another period of packet delay variation
above the first threshold level.
4. The method of claim 1 wherein the step of detecting a period of elevated level of
packet delay variation comprises:
e comparing an estimate of recent peak-to-peak range of a low frequency
component of packet delay variation against a stored value; and
e reacting when the estimate of recent peak-to-peak range of the low frequency
component of packet delay variation exceeds the stored value as a detection of a
period of packet delay variation above the first threshold level.
5. The method of claim 1 wherein the step of increasing the jitter absorption buffer
size from the first size to the second size includes an act of re-centering, an act of re-
centering comprising:
e altering an output clock for the jitter absorption buffer to a certain fixed slow

clock rate to gradually move the jitter absorption buffer depth from below a
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specified minimum percentage of the second size to above the specified minimum
percentage of the second size IF a depth measurement for the jitter absorption
buffer is initially less than the specified minimum percentage of the second size;
and

altering the output clock for the jitter absorption buffer to a certain fixed fast clock
rate to gradually move the jitter absorption buffer depth from above a specified
maximum percentage of the second size to below the specified maximum
percentage of the second size IF a depth measurement for the jitter absorption
buffer is initially more than the specified maximum percentage of the second size,
the specified minimum percentage not necessarily equal to the specified
maximum percentage.

The method of claim 1 wherein the step of decreasing the jitter absorption buffer

size from a second size to a first size includes the act of re-centering, the act of re-

centering comprising:

7.

altering an output clock for the jitter absorption buffer to a certain fixed slow
clock rate to gradually move the jitter absorption buffer depth from below a
specified minimum percentage of the first size to above the specified minimum
percentage of the first size IF the depth of the jitter absorption buffer is initially
less than the specified minimum percentage of the first size; and

altering the output clock for the jitter absorption buffer to a certain fixed fast clock
rate to gradually move the jitter absorption buffer depth from above a specified
maximum percentage of the first size to below the specified maximum percentage
of the second size IF the depth of the jitter absorption buffer is initially more than
the specified maximum percentage of the first size, the specified minimum
percentage not necessarily equal to the specified maximum percentage.

The method of claim 1 further comprising steps to promote centering of the jitter

absorption depth when the jitter absorption buffer is the first size, the steps comprising:

e using adaptive timing to assist in keeping jitter‘ absorption buffer depth centered

between a set low level threshold and a set high level threshold;

recognizing before an underflow event that the jitter absorption buffer depth is
below the set low level threshold and altering an output clock for the jitter
absorption buffer to a certain fixed slow clock rate until moving the jitter
absorption buffer depth from below a specified minimum percentage of the first

size to above the specified minimum percentage of the first size; and
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e recognizing before an overflow event that the jitter absorption buffer depth is
above the set high level threshold and altering the output clock for the jitter
absorption buffer to a certain fixed fast clock rate until moving the jitter
absorption buffer depth from above a specified maximum percentage of the first
size to below the specified maximum percentage of the first size, the specified
minimum percentage not necessarily equal to the specified maximum percentage.

8. The method of claim 1 further comprising a re-centering function, the re-centering
function including the steps of:

o detecting an excursion of jitter absorption buffer depth into a range between
empty and a low level set point;

e moving from a first state having a jitter absorption buffer size of C, a fixed buffer
drain rate of R, to a second state having a drain rate equal to R minus delta; and

e maintaining the second state until the drain rate of R minus delta causes the jitter
absorption depth to cross a set value, then returning to the first state with drain
rate of R.

9. The method of claim 8 wherein the return from the second state to the first state
occurs when the jitter absorption depth reaches at least 50% of C, whereby th(? jitter
absorption buffer is managed so as to avoid a buffer underflow without increasing the
jitter absorption buffer size.

10.  The method of claim 1 the method further including a re-centering function, the
re-centering function including the steps of:

e detecting an excursion of jitter absorption buffer depth into a range between a
high level set point and full;

e moving from a first state having a jitter absorption buffer size of C, a buffer drain
rate or R, to a second state having a fixed drain rate equal to R plus delta; and

¢ maintaining the second state until the drain rate of R plus delta causes the jitter
absorption depth to cross a set value, then returning to the first state with drain
rate of R;

whereby the jitter absorption buffer is managed so as to avoid a buffer overflow without
increasing the jitter absorption buffer size.

11. A method for dynamically sizing a jitter absorption buffer to react to network
conditions, the method comprising:

e cstablishing a first packet delay variation threshold and a second packet delay

variation threshold, the second packet delay variation threshold representing a



10

15

20

25

30

WO 03/007517 PCT/US02/21197

18

more significant amount of packet delay variation;

e periodically estimating packet delay variation;

e upon detecting an estimate of packet delay variation in excess of the first packet
delay threshold but less than the second packet delay threshold, increasing the
jitter absorption buffer size from a first size to a second size;

e after a period of time T without a subsequent estimate of packet delay variation in
excess of the first packet delay threshold, decreasing the jitter absorption buffer
size from the second size to the first size;

e upon detecting an estimate of packet delay variation in excess of the second
packet delay threshold, increasing the jitter absorption buffer size from the first
size to a third size;

e after a period of time P without a subsequent estimate of packet delay variation in
excess of the second packet delay threshold, decreasing the jitter absorption buffer

size from the third size to the second size;

whereby the size of the jitter absorption buffer is increased rapidly from the first size to

the third size to compensate for severe network conditions leading to elevated levels of

packet delay variation and decreased gradually from the third size to the second size to

limit the incremental packet delay attributed to jitter absorption buffer depth.

12.

A set of rules implemented in a control system for adjusting a JAB buffer depth

for a JAB buffer with a base drain rate of R, comprising:

A.
B.

an input for the JAB buffer depth;

an input for receiving the current estimate of a low frequency component of packet
delay variation;

a stored value Size 1 for a first JAB size;

a stored value Size 2 for a second JAB size, the second JAB size larger than the first
JAB size;

a stored value JAB1UL representing an upper limit for the low frequency component
of packet delay variation for a State 1 using the first JAB size; ‘

a stored value JAB2UL representing the upper limit for the low frequency component
of packet delay variation for a State 2 using the second JAB size;

a rule causing a state change from State 1 having JAB size of Size 1 to a State 2R
when a current estimate of the low frequency component of packet delay variation is

at least JAB1UL and less than JAB2UL;
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H. a means for altering the drain rate while in State 2R until the JAB buffer depth
satisfies a centering criteria for State 2;

I. a rule causing a state change from State 2R to State 2 after the JAB buffer depth
satisfies the centering criteria for State 2;

J. ameans for timing a period T2 starting upon the state change from State 2R to State
2;

K. a means for re-starting a new period of length T2 upon receipt of a new estimate of
the low frequency component of packet delay variation of at least JAB1UL and less
than JAB2UL while within State 2;

L. a rule causing a state change from State 2 to State 1R upon completion of timing
period T2;

M. a means for altering the drain rate while in State 1R until the JAB depth satisfies a
centering criteria for State 1; and

N. arule causing a state change from State 1R to State 1 after the JAB depth satisfies the
centering criteria for State 1.

13.  The set of rules implemented in the control system for adjusting a JAB buffer

depth for the JAB buffer with the base drain rate of R from claim 12 further comprising:

e astored value JAB1AF for an almost-full set point for State 1; and
e a rule causing a state change from State 1 to State IR when a JAB depth
measurement exceeds JAB1AF but has not reached an overflow;

wherein operation of this rule triggers the means for altering the drain rate while in State

IR until the JAB depth satisfies a centering criteria for State 1 before a state change back

from State 1R to State 1.

14.  The set of rules implemented in the control system for adjusting the JAB buffer

depth for the JAB buffer with the base drain rate of R from claim 13 further comprising:

e astored value JAB1AE for an almost-empty set point; and
e a rule causing a state change from State 1 to State IR when a JAB depth
measurement falls below JAB1AE but has not reached an underflow;

wherein operation of this rule triggers the means for altering the drain rate while in State

1R until the JAB depth satisfies a centering criteria for State 1 before a state change back

from State 1R to State 1.

15.  The set of rules implemented in the control system for adjusting the JAB buffer

depth for the JAB buffer with the base drain rate of R from claim 12 further comprising:
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a rule for overflows causing a state change from State 1 to State 2 upon detection
of an overflow of the JAB while in State 1, operation of the overflow rule
including forcing the JAB buffer depth within State 2 to a specified overflow-
recovery-percentage of Size 2;

arule for underflows causing a state change from State 1 to State 2 upon detection
of an underflow of the JAB while in State 1, operation of the underflow rule
including forcing the JAB buffer depth within State 2 to a specified underflow-
recovery-percentage of Size 2;

a rule for overflows causing a state change from State IR to State 2 upon
detection of an overflow of the JAB while in State 1R, operation of the overflow
rule including forcing the JAB buffer depth within State 2 to a specified overflow-
recovery-percentage of Size 2; and

a rule for underflows causing a state change from State 1R to State 2 upon
detection of an underflow of the JAB while in State 1R, operation of the
underflow rule including forcing the JAB buffer depth within State 2 to a
specified underflow-recovery-percentage of Size 2.

The set of rules implemented in the control system for adjusting the JAB buffer

depth for the JAB buffer with the base drain rate of R from claim 15 wherein the

specified overflow-recovery-percentage equals the specified underflow-recovery-

percentage.

17.

The set of rules implemented in the control system for adjusting the JAB buffer

depth for the JAB buffer with the base drain rate of R from claim 12 further comprising:

a stored value JAB2AF for an almost-full set point for State 2; and
a rule causing a state change from State 2 to State 2R when a JAB buffer depth

measurement exceeds JAB2AF but has not reached an overflow;

wherein operation of this rule triggers the means for altering the drain rate while in
State 2R until the JAB buffer depth satisfies a centering criteria for State 2 before a
state change back from State 2R to State 2; and

A rule for overflows while in State 2, operation of the overflow rule including
forcing the JAB buffer depth within State 2 to a specified max-JAB-overflow-

recovery-size2;

wherein the max-JAB-overflow-recovery-size2 is more than 50% of Size 2 and less

than JAB2AF.
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18.  The set of rules implemented in the control system for adjusting the JAB buffer
depth for the JAB buffer with the base drain rate of R from claim 12 further comprising:

e astored value JAB2AE for an almost-empty set point for State 2; and

e arule causing a state change from State 2 to State 2R when a JAB buffer depth
measurement falls below JAB2AE but has not reached an underflow;

wherein operation of this rule triggers the means for altering the drain rate while in State
2R until the JAB buffer depth satisfies a centering criteria for State 2 before a state
change back from State 2R to State 2; and

e a rule for underflows while in State 2, operation of the overflow rule including
forcing the JAB buffer depth within State 2 to a specified max—JAB—underﬂov;f-
recovery-size2;

wherein the max-JAB-overflow-recovery-size2 is more than JAB2AE and less than 50%
of Size 2.

19.  The set of rules implemented in the control system for adjusting the JAB buffer
depth for the JAB buffer with the base drain rate of R from claim 12 further comprising:

e a rule for overflows causing a state change from State 1 to State 2R upon
detection of an overflow of the JAB while in State 1, the operation of the overflow
rule including forcing the JAB depth to a specified overflow-recovery-percentage
of Size 1 before a transition to State 2R;

e a rule for underflows causing a state change from State 1 to State 2R upon
detection of an underflow of the JAB while in State 1, the operation of the
underflow rule including forcing the JAB depth to a specified underflow-
recovery-percentage of Size 1 before a transition to State 2R;

e a rule for overflows causing a state change from State IR to State 2R upon
detection of an overflow of the JAB while in State 1R, the operation of the
overflow rule including forcing the JAB depth to a specified overflow-recovery-
percentage of Size 1 before a transition to State 2R; and

e a rule for underflows causing a state change from State 1R to State 2R upon
detection of an underflow of the JAB while in State 1R, the operation of the
underflow rule including forcing the JAB depth to a specified underflow-
recovery-percentage of Size 1 before a transition to State 2R.

20.  The set of rules implemented in the control system for adjusting the JAB buffer
depth for the JAB buffer with the base drain rate of R from claim 12 further comprising:

O. astored value Size N for a State N JAB size;
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. astored value Size N-1 for a State N-1 JAB size, the State N JAB size larger than

the State N-1 JAB size;

. a stored value JABN-1UL representing an upper limit for the low frequency

component of packet delay variation for the State N-1 using the State N-1 JAB

size;

. arule causing a state change from State 1 having JAB size of Size 1 to a State NR

when the current estimate of the low frequency component of packet delay

variation is at least JABN-1UL;

. a means for altering the drain rate while in State NR until the JAB buffer depth

reaches a target range of Size N;

. arule causing a state change from State NR to State N after the JAB buffer depth

reaches the target range of Size N;

. ameans for timing a period TN starting upon state change from State NR to State

N;

. ameans for re-starting a new period of length TN upon receipt of a new estimate

of the low frequency component of packet delay variation of at least JABN-1UL
while within State N;

. a rule causing a state change from State N to State N-1R upon completion of

timing period TN;

. ameans for altering the drain rate while in State N-1R until the JAB buffer depth

reaches a target range of Size N-1; and

. arule causing a state change from State N-1R to State N-1 after the JAB buffer

depth reaches the target range of Size N-1.
The set of rules implemented in the control system the adjusting the JAB buffer

depth for the JAB buffer with the drain rate of R from claim 20 wherein:

State N-1 is another name for State 2;

Size N-1 is another name for Size 2;

State N-1R is another name for State 2R

State JABN-1UL is another name for JAB2UL;

whereby a new estimate of the low frequency component of packet delay variation can

lead to:

remaining within State 1 with JAB size of Size 1 if the current estimate of the low

frequency component of packet delay variation does not exceed JAB1UL;
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e changing to State 2R to re-center before entering State 2 with JAB size of Size 2 if
the current estimate of the low frequency component of packet delay variation
exceeds JAB1UL but does not exceed JAB2UL; and

¢ changing to State NR to re-center before entering State N if the current estimate of
the low frequency component of packet delay variation exceeds JAB2UL.

22. A control system for reducing the frequency of underflow/overflow events for a
JAB buffer with a base drain rate of R and a JAB buffer size of S by moving JAB buffer
depth away from JAB buffer depth extremes of empty and full, the control system
comprising:

a moderate means to move the JAB buffer depth away from JAB buffer depth extremes,
the moderate means comprising:

e triggering a use of a fixed JAB buffer drain rate of RF after detection of a JAB
buffer depth in excess of a too-much set point; and

e triggering a use of a fixed JAB buffer drain rate of RS after detection of a JAB
buffer depth below a too-little set point;

wherein the too-much set point is larger than the too-little set point, and the drain rate RS
is less than the base drain rate R, which is less than the drain rate RF;
a quick means to reset the JAB buffer depth, comprising:

o setting the JAB buffer depth to a post-overflow-percent of S after an overflow;
and

e setting the JAB buffer depth to a post-underflow-percent of S after an underflow.

23.  The control system of claim 22 further comprising a gentle means to move JAB
buffer depth away from the JAB buffer depth extremes through the use of adaptive
timing.

24.  The control system of claim 22 further comprising the ability to vary the JAB
buffer size S from a first size to a max size so that the JAB buffer size S is increased from
the first size to the max size upon operation of the moderate means when the JAB buffer
size S is the first size.

25.  The control system of claim 24 further comprising a first PDV trigger for the
moderate means, the first PDV trigger working to engage the moderate means upon
detection of an estimate of a PDV component in excess of a PDV trigger set point.

26.  The control system of claim 25 further comprising the ability to vary the JAB
buffer size S from the first size to a second size and from the second size to the max size,

the control system having the first PDV triggers set point that causes the change of size
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from the first size to the max size, and a second PDV trigger set point that causes a
change of size from the first size to the second size.
27.  The invention as described and illustrated in the specification and referenced

figures.
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