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WIDEBAND DOCSIS ON CATV SYSTEMS USING PORT TRUNKING

Background of the Invention

Cable modems and the DOCSIS standard have made delivery of digital services over
hybrid fiber coaxial (HFC) cable television systems possible. Digital data delivery of
internet data, video on demand movies, telephony, telephony over the internet, interactive
games, upstream delivery of security camera digital photos to security services and a host of
other applications is becoming possible. These services ére very useful and valuable, some
more than others. Some services take more bandwidth than others. Video on demand over the
HFC system is seen by many as the Killer application for the future.  Video and movies, even
when compressed with MPEG, take large amounts of bandwidth and substantially more
bandwidth than delivery of internet data. A generai rule of thumb for MPEG-2 compression
is 3 to 3.5 MB/s per video stream. Statistical multiplexing of a 3.5 MB/s stream over a 38
MB/s channel is poor. Increasing the rate per customer premises equipment can improve
statistical multiplexing dramatically. Although this does not benefit the customer, it is of
great benefit to the service provider cable system operators who buy cable modems and cable
modem termination systems.

A techhique called port trunking or link aggregation has been used in prior art
telephone systems and other data communication systems. Two relevant standards for port
trunking outside the world of HFC systems exist: I[EEE 802.3ad for link aggregation over
Ethernet; and Multilink-PPP as described in RFC 1990
(http://www.fags.org/rfcs/rfc1990.html). Neither of these standards mention DOCSIS nor
could they be used in a DOCSIS system. This is because both of these standards require
point-to-point links, and DOCSIS is a point-to-multipoint link environment. There are no
point-to-multipoint versions of port frunking specified anywhere to the knowledge of the
inventors.

HFC systems are shared by multiple users, so the bandwidth available to each
customer is not unlimited. A DOCSIS QAM 64 channel has a bandwidth of 6 megahertz (MHz)
and a payload capacity of 27 megabits per second (MB/s). QAM 256 modulation is used in
the more advanced versions of DOCSIS, but still the channels are 6 MHz wide and the payload
capacity is only 38 MB/s. In Europe, QAM 64 channels are 8 MHz in bandwidth and 38
Mb/s, and QAM 256 channels have payload capacity of 51 MB/s. Each channel has its own
frequency slot.

The payload capacity represents the total aggregate bandwidth available shared by all

the cable modems (CM) that are tuned to that particular channel. The payload capacity also
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represents the maximum burst rate that is available to a single CM at any moment in time.
Some services require more payload delivery capacity than this.

Current DOCSIS only provides for increasing the aggregate capacity only by allowing
the transmission of multiple channels at the cable modem termination system (the headend
or CMTS) and splitting the population of cable modems so that some are tuned to each of the
available channels. This does increase the aggregate capacity across a given population size
of CMs, but does not increase the burst capacity to any single CM. So that problem still
remains, and it is a significant problem for the best customers who have high demand for
data.

DOCSIS does have a mechanism to direct CMs tuned to one downstream (DS) channel
to tune to another DS channel for load balancing purposes, but this method takes many 10s of
milliseconds during which the CM is unable to receive any data while it is re-tuning its
receiver, waiting for another invitation to perform ranging (ranging means DOCSIS ranging
and equalization followed by downstream messages to the CMs indicating how they shouid
adjust their timing, frequency, phase, power and including upstream equalization
coefficients for use in developing new upstream equalization filter coefficients and will
hereafter be referred to simply as ranging) on the new channel and performing the ranging
process again during the designated ranging window on the new channel.

It is desirable to increase the traffic rate to CMs for three reasons:

1. to increase the average data rate available to all connected CMs since the data rate of
services rises over time;

2. to increase the burst rate to a single CM; and

3. to increase the level of statistical muliiplexing of data traffic on the channel.

The existing DOCSIS protocols only address problem # 1 listed above. Problems #2
and #3 listed above can only be resolved by increasing the instantaneous available bandwidth
to a single modem.

There are only two methods to increase the capacity to a single device:

1. increase the capacity per channel; or
2. increase the number of channels available to cable modems which have the ability to tune
to multiple channels simultaneously and share capacity among them.

Other workers skilled in the art such as engineers at Broadcom are attacking this
problem of increasing the capacity of a channel so as to increase the maximum burst rate to
a single CM by attempting other approaches than are described herein. Generally, these
other approaches involve physical layer techniques. These technigues include: increasing
the symbol rate; increasing the modulation order such as by moving from QAM 256 to QAM

512 or QAM 1024; improving the forward error cotrection encoding so as to be able to
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detect and correct the larger number of errors which result when more data is sent down a
channel of a fixed bandwidth which is already transmitting at maximum capacity; or
possibly changing the modulation scheme. One or more of these techniques may be in use now
in Broadcom products. Other link layer techniques such as data compression are also being
investigated.

Moving to higher density constellations such as QAM 512 and QAM 1024 requires a
very quiet channel and high signal to noise ratio (high quality HFC system and good noise
suppression) or a high degree of forward error correction and loss of throughput because of
the larger number of error detection and correction bits added to the payload data stream.
Quiet channels with high signal to noise ratio are hard to achieve and high enough S/N may be
impossible to achieve in some older systems.

All of these techniques or approaches have one shared major flaw besides the loss of
throughput and stringent requirements placed on the HFC system for high signal to noise
ratio. They are not backward compatible, which means they render obsolete all the old
single DOCSIS channel CMs on an HFC system that were not designed with these techniques in
mind and would require replacement of the CMTS. This is a huge problem, because cable
operators have millions of dollars invested in their existing inventory of CMs and CMTS and
they do not want to spend similar amounts of money or more to replace it all. Outside of this
patent application, nobody that the applicants are aware of has either developed or proposed
the use of port trunking in a DOCSIS system.

Summary of the Invention

According to the teachings of the invention, CMs are constructed to receive multiple
channels simultaneously and to share capacity across those channels. This requires changes
to the prior art CMs and to the CMTS obviously, but it allows existing prior art CMs to still
be used so that the system is backward compatible with older CMs still on the HFC system.
The method and apparatus of the invention is inherently backward compatible since each
channel in the port trunking group of channels is a full DOCSIS channel and can have legacy
CMs that can only receive one channel tuned thereto.

Since there is only one CMTS, the changes o it are not as expensive as the cost to
change a CM multiplied by the possible thousands of CMs needed to service all customers.
The hardware change cost of the CM is not the only cost. There is also the cost of the service
call including costs of rolling the truck and labor costs and the cost of any trade-in/upgrade
program, all of which can greatly exceed the cost of the CM hardware change itself. The
changes required of the CMTS are to make it aware of the fact or be able to determine that
there are CMs on the system capable of performing port trunking by receiving multiple

channels simultaneously and share capacity across all these channels. The CMTS can always



10

156

20

25

30

35

WO 2004/107634 PCT/US2004/015183

4

be upgraded to support port trunking before the CMs with port trunking capability are
replaced and port trunking CMs will work fine on old CMTS but only as single DOCSIS
channel CMs.

The method of port trunking to create wide band DOCSIS connections downstream
generally comprises, from the CMTS perspective:

(1) receiving CM registration messages including data advertising the CM
capabilities and determining from this data which CMs are wideband DOCSIS capable and how
many downstreams and upstreams each CM can simultaneously use;

(2) sending a Extended Channel Enable (ECE) message to each wideband DOCSIS
capable CM telling it which downstreams to enable;

() processing incoming frames to be sent downstream to a cable modem in a frame
distributor to schedule the distribution of frames to the various transmitters transmitting
on the downstream channels to which the CM is tuned so as to meet quality of service
requirements, add sequence numbers or do other things to guarantee the frames can be put
into the proper order at the receiver side and distribute the frames (such as transmit all
frames from an IP flow on the same DOCSIS channel in the correct order or put sequence
numbers in the private_section of MPEG-2 transport syntax for MPEG compressed data);

(4) transmitting the released frames addressed to a particular cable modem to that
cable modem on the downstream channels to which said cable modem has been instructed to
tune.

In other species of this genus wherein both upstream and downstream wideband
DOCSIS operations are carried out, the CMTS also:

receives upstream bandwidth requests from the various cable modems so that it
knows how much upstream traffic there is from each CM, and determines how much
downstream traffic there is to each CM from the information the frame distributor is
receiving from the router;, ,

schedules transmission of downstream frames for each IP flow to a particular CM
using a Quality of Service algorithm so as to at least meet guaranteed and committed bit rates
of constant bit rate and variable bit rate with committed portion 1P flows;

schedules transmission of upstream frames for each IP flow from a particular CM
using a Quality of Service algorithm so as to at least meet guaranteed and committed bit rates
of constant bit rate and variable bit rate with committed portion IP flows and so as to fulfill
as much as possible thé bandwidth requests;

generates and transmits MAP messages and UCD messages for each DOCSIS upstream

with the grants in the MAP messages allowing simultaneous upstream transmissions on
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different DOCSIS upstreams from each wideband capable CM so as to implement upstream
wideband DOCSIS operations;

releases downstream frames to the various downstream transmitters for the various
IP flows addressed to each particular CM at the appointed times per the schedule so as to
implement wideband DOCSIS downstream transmissions to wideband capable CMs;

receives upstream wideband DOCSIS frames from various CMs, verifies that all the
frames are present in each IP flow from each CM, and puts the frames in the proper order
and delivers the frames for further processing.

The preferred process for implementing a quality of service algorithm comprises the
following steps:

determining the particular downstreams to which each wideband DOCSIS CM is tuned
using the registration data and data from transmitted ECE messages and determine the
particular IP flows directed to each wideband CM from header data in packets received from
a router;

verify which downstreams to which a particular CM is tuned and which has an IP
flow to be sent to it are available for transmission and determine the quality of service
requirement of each IP flow;

schedule the guraranteed portions of contant bit rate flows and the committed
portions of variable bit rate flows on available downstream DOCSIS channels to which CMs
are tuned which have IP flows with quality of service requirements which are constant bit
rate or variable bit rate flows with guaranteed portions;
generate frame release signals and release and transmit frames at the scheduled times on the
appropriate downstream DOCSIS channels to fulfil said guaranteed bit rates of constant bit
rate QoS IP flows and to fulfil committed bit rate portions of variable bit rate QoS IP flows;
and

for any wideband downstream CMs which have IP flows directed thereto with other
than guaranteed bit rate Qos IP flows or variable bit rate QoS [P flows with commitied
portions, use any times on DOCSIS downstreams to which said CMs are tuned when no
releases of frames to said CM or other CMs are scheduled or when there is no traffic to
release frames directed to said CMs which have IP flows directed thereto with other than
guaranteed bit rate Qos IP flows or variable bit rate QoS IP flows with committed portions.

Wideband DOCSIS downstream from the CM perspective comprises the following
steps.

(1) Powering up or rebooting and searching for and locking onto a DOCSIS

downstream;
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(2) Ranging using the DOCSIS upsiream associated with the DOCSIS downstream to
which the cable modem locked, and registering with the CMTS as a CM on the system;

(8) Sending information to the CMTS indicating how many tuners the CM has which
are capable of use in wideband downstream DOCSIS.

(4) receiving an ECE message from said CMTS indicating how many and which
downstream channels will be used for wideband DOCSIS transmissions to said CM and
responding thereto by tuning a tuner of said CM to each of the downstream channels
designated in said ECE message;

(5) receiving wideband downstream DOCSIS frames simultaneously transmitted on
two or more downstream channels designated by said ECE message and verifying that all
frames have been received,; )

(6) putting said received frames into the proper order, and delivering said frames to
a peripheral device coupled to said CM for further processing.

It is important that the transmitted frames of an IP flow be put in the proper order
by the receiver after being transmitted, and this applies to wideband DOCSIS either
upstream or downstream. This can be done in at least two ways. First, all frames of an IP
flow can be restricted to be transmitted on the same downstream channel. As long as they are
transmitted in the correct order, they will be received in the correct order in this class of
embodiments, regardless of different latencies on the same channel affecting different
frames differently. In a second class of embodiments, the frame distributor can add sequence
numbers to all the frames transmitted, and particularly to all frames in a single IP flow so
that even if they are transmitted out or order or are received out of order because of
different latencies on the different channels on which they were transmitted, they can still
be put into the proper order at the receiver using the sequence numbers.

The wideband upstream DOCSIS process genus is defined as follows.

1) The CMTS frequently broadcasts UCD messages each one of which defines the
frequency, symbol rate, modulation type and other parameters of an identified DOCSIS
upstream which is one of a plurality of such channels. From the CM perspective, the CM
receives the UCD messages and stores the data thereof for later use when an upstream is
enabled.

2) Having a CM power up, find a downstream DOCSIS channel and perform ranging
and registration in the normal way on a DOCSIS upstream. From the CMTS perspective, the
CMTS receives the ranging burst, performs measurements and equalization convergence and
sends one or more downstream messages to each CM that has sent a ranging burst giving the
CM timing, frequency and power offsets and upstream equalization coefficients to use in

controlling and filtering subsequent upstream bursts. The CM then sends an acknowledgment
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that it has successfully trained and sends an upstream registration message which indicates
its capabilities including whether it is upstream and downstream wideband DOCSIS capable
and how many DOCSIS upstreams it can simultaneously transmit upon. The CMTS receives
these message and stores at least some of the data therein regarding upstream DOCSIS
capability. |

3) The CMs receive requests from user applications requesting to send upstream data
and/or receive downstream data. The CM responds by send upstream bandwidth requests to
the CMTS and information pertaining to the requested downstream data. The CMTS receives
upstream bandwidth requests from the CMs and uses registration data to determine which
CMs are upstream wideband DOCSIS capable and determines how many upstream channels
each CM which has requested upstream bandwidth can simuitaneously transmit upon

5) If both CM and CMTS are wideband DOCSIS capable, then the CMTS analyzes the
upstream traffic requests and decides whether to turn upstream port trunking capability on
for CMs which have upstream traffic, are wideband upstream DOCSIS capable and have a
subscription for upstream wideband DOCSIS operation.

6) The CMTS uses a quality of service algorithm to schedule upstream grants for
each IP flow from each CM and generates separate MAP messages for each DOCSIS upstream a
CM is scheduled to use for upstream wideband DOCSIS, each MAP message scheduling when
the CM or CMs having grants in the MAP message may transmit on the DOCSIS upstream to
which the MAP message pertains.

7) Upstream wideband DOCSIS is turned on by the CMTS using the grants in the MAP
messages to determine which CMs that are wideband DOCSIS capable in the upstream need to
use multiple upstream DOCSIS channels. Upstream wideband DOGSIS is then turned on for
each such CM by sending an ECE message to the CM which tells it which upstreams to use for
upsiream wideband DOCSIS transmissions. The MAP messages in step 6 are also sent. The
CM receives these ECE messages and sets up its transmitters to transmit on the designated
DOCSIS upstreams in accordance with the parameters established by the UCD message that
pertains to that DOCSIS upstream. The CM receives these MAP messages and uses the data
therein to time its transmissions upstream on the upstream channels enabled by the ECE
messages.

8) The CMTS receives all the frames transmitted by the CMs and passes them to a
frame collector which makes sure that all frames of all IP flows transmitted by all CMs are
present and puts them into the proper order for each IP flow and delivers them for
processing.

A key point is that the legacy single channel CMs can share any single channel within

the multiple channels being simultaneously received by the wideband CMs for the
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downstream or use any upstream DOCSIS channel in the port trunk in a conventional way so
as to make the system backward compatible.

Although the invention is described herein in terms of DOCSIS and cable modem
termination systems and cable modems, the teachings of the invention are broadly applicable
to any transport mechanism and any transmission medium coupling a single iransceiver to a
plu‘rality of transceivers by a shared medium in a point-to-multipoint system architecture
such as cell phone systems or fixed wireless. Cellular and PCS systems are point-to-
multipoint in any particular cell. References to CMTS in the claims and elsewhere herein
should be understood as references to the single transceiver and references to CMs in the
claims and elsewhere herein should be understood as references to the multiple transceivers
which share a medium and transport mechanism to communicate with the single transceiver.
References to HFC or hybrid fiber coax in the claims and elsewhere should be understood as
references to any shared medium of transmission in a point-to-multipoint architecture
including cell phone or PCS systems and fixed wireless proposals to replace cable system.
References to DOCSIS should be understood as references to any transport mechanism for
point-to-multipoint communications.

Brief Description of the Drawings

Figure 1 is a diagram of a prior art, non port trunking DOCSIS system that shows the
functional blocks needed in any DOCSIS system.

Figure 2 is a diagram of a wideband DOCSIS system which implements port trunking
to send data from the CMTS to a CM on multiple DOCSIS channels simultaneously.

Figure 3A is a diagram of the original prior art DOCSIS PDU encapsulation scheme.

Figure 3B is a diagram of the original DOCSIS PDU encapsulation scheme as modified
to add the sequence number needed for the encapsulation method of implementing wideband
DOCSIS.

Figure 4 is a diagram of the prior art DOCSIS frame encapsulation scheme which has
been modified to have sequence numbers to support wideband DOCSIS.

Figure 5, comprised of Figures 5A and 5B is a flowchart of the process performed to
establish and use a port trunked point-to-multipoint link across an HFC system using
DOCSIS protocols.

Figure 6, comprised of Figures 6A and 6B, is a more detailed flowchart indicating the
processes implemented in the CMTS and CM (but mainly the CMTS) to carry out wideband |
DOCSIS operations from a packet distribution, reception and ordering standpoint.

Figure 7 is a diagram that illustrates the point-to-multipoint physical and logical
channel architecture on an HFC system for purposes of explaining the QoS algorithm taught

herein.
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Figure 8 is a table listing all the flows of the example of Figure 7 which shows the
source and destination of each flow, the flow ID and the characteristics of the flow in terms
of its quality of service requirement.

Figure 9 is a block diagram of the functions that need to be performed to implement a
scheduler to provide QoS'functionality in the point-to-multipoint environment of a DOCSIS
system implemented in HFC. 4

Figure 10 is a flowchart of the preferred QoS algorithm.

Figures 11A and 11B are a flowchart of the preferred upstream wideband DOGCSIS
protocol.

Detailed Description of the Preferred and Alternative Embodiments

Referring to Figure 1, there is shown a functional block diagram of a prior art
DOCSIS system which is not capable of using the port trunking concepts. This diagram is
helpful in understanding the background prior art and how to implement port trunking in
DOCSIS systems. The DS MAC/PHY/RF interface block 10 in the CMTS 12 contains all the
known hardware and software needed to FEC encode and encapsulate MAC data frames and
modulate (including multiplexing) into an RF channel or carrier signal having a 6 MHz or 8
MHz bandwidth. The tuner, PHY and MAC block 14 in the CM 16 comprises all the known
circuitry and software to tune a single RF channel transmitted on HFC 18, demodulate, and
de-encapsulate and error correct the received data frames. These two blocks comprise the
PHY and a portion of the LINK layer in the 7-Iayer OSI model.

The CMTS 12 has four separate downstream transmitters 10, 11, 13 and 15 (the
upstream receivers are not shown in this figure which is addressed to downstream wideband
DOCSIS but see Figure 12 where CMTS 236 has multiple upstream DOCSIS receivers for
upstream wideband DOCSIS. In alternative embodiments, a CMTS with muitiple upstream
DOCSIS receivers which does only upstream wideband DOCSIS may be used. The CMTS also
has a routing and/or bridging function 20 which routes packets addressed to various IP
addresses or MAC addresses in or behind the CMs (e.g., a personal computer coupled to the
CM by a bus or LAN) to the appropriate downstream transmitter 10, 11, 13 or 15. Three
separate CMs 16, 22 and 24 are shown coupled to the same HFC system 18, and each can
only tune to one DOCSIS channel at any particular time. Each has a network or bus interface
referred to herein as an NI of which 26 is typical. The NI may be USB, USB2, Firewire as
well as Ethgernet or 802.11 WiFi.

To provide port trunking, two things are required:

1. a method to distribute frames from the CMTS routing/bridging engine addressed to a

particular CM to multiple RF channels to which the CM is tuned; and
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2. a method in the CM to receive multiple RF channels and coliect frames from each channel
and pass them to the higher layers for(reass“eﬁﬁa‘)‘} in the correct sequence.

Figure 2 is a diagram of a wideband DOCSIS system which implements port trunking
to send data from the CMTS to a CM on multiple DOCSIS channels simultaneously. CMTS 28
includes a routing or bridging function 30 which routes or bridges all packets addressed to
the CMs 32, 34 and 36 or to a computer or other peripheral behind the CM and connected to
the CM by a LAN or bus to a frame distributor 38. The router 28 may perform a
conventional routing function using the OSI model layer 3 IP address in the incoming
packets. The address information in the incoming packet is used to along with routing tables
to determine to which CM the packet should be sent. The bridging function works
conventionally if a bridge is used instead of a router. Each CM is coupled to one or more
peripherals such as personal computers, Macintosh computers, and/or other peripherals
via a local area network via a bus. Each computer or peripheral has a MAC address which
equates to an Ethernet address if an Ethernet LAN is in use. Processes in execution on the
peripheral or the peripheral itself have 1P addresses. One function of the router is to
determine which CM each IP address is in or behind. The function of the router is to get the
right packets to the right places and how exactly that is done is not critical and is
implementation specific.

Note that the CMs 32, 34 and 36 include both CMs 36 and 32 which are wideband
DOCSIS capable CMs having two tuners and three tuners, respectively, as well as legacy CM
34 which is a conventional DOCSIS CM with only a single tuner 40. CM 36 has two tuners
42 and 44 and can tune two DOCSIS channels simultaneously. CM 32 has three tuners 46,
48 and 50 and can tune three DOCSIS channels simultaneously. Each CM has a network
interface card or NI shown at 50, 52 and 54. Each wideband DOCSIS CM has a frame
collector of which collectors 46 and 48 are typical. The function of each NI is to send and
receive data to and from peripherals coupled to the CM.

Functions of the Frame Distributor

The functions of the frame distributor 38 (or the frame distributor in cooperation
with control logic or a control computer and other circuitry in the CMTS such as the DOCSIS
transmitters and DOCSIS receiver(s)) is to:

(1) determine from registration data which CMs are wideband capable (each CM
when it does its DOCSIS power up ranging sequence uses one tuner and transmitter to train
the CM on one DOCSIS channel but when it performs the DOCSIS registration process, it
sends a message to the CMTS telling it that the CM is wideband capable and how many tuners

it has --the CMTS then records that information in a registration table or other memory);
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(2) send downstream messages to each wideband capable CM (hereafter wideband
CM) which specify to which downstream DOCSIS channels that wideband CM is to tune (the
CMTS can elect to use or not use the wideband capability based upon the level of subscription
the user has paid for or the particular service ordered by the use of the CM and the need to
use wideband capability fo deliver that service effectively, etc.);

(8) determine in any way which CMs have incoming packets from the router and
which packets are addressed to wideband capable CMs, and determine to which channels the
wideband CMs which have traffic are tuned;

(4) implement some mechanism to insure that the packets addressed to any
particular wideband CM are delivered in the correct order (any known mechanism can be
used) or are tagged with sequence numbers so that the packets addressed to a particular
wideband CM can be placed in the correct order after having been received even if they are
received out of order; and

(5) distribute the packets addressed to a particular wideband CM to the transmitters
coupled to the downstream DOCSIS channels to which that wideband CM is tuned for
downstream transmission. [n the preferred embodiment, a quality of service algorithm will
make the decisions as to which channel on which each packet is to be sent and when based
upon various factors to be discussed further below.

Typically, the frame distributor will have a table which associates each CM with one
or more channels. Typically, this table is managed by software in the control computer. No
control computer is shwon in Figure 2, but the control computer being referred to here is
CPU 242 in Figure 12. In some embodiments, an FPGA or state machine or other hardware
only circuitry may replace CPU 242 and any references to a control computer or control
means in the claims is intended to also cover these alternative embodiments. Functions 1-3
above are usually carried out by control software in the control computer or by the control
circuitry that works with the frame distributor. Functions 4 and 5 are the core functions of
the frame distributor per se. However, in some embodiments, represented by Figure 2, the
frame distributor includes all necessary control logic or control software and a
microprocessor to control the frame distributor to perform all five of the above listed
functions.

Another function of the frame distributor in alternative embodiments is to store
transmitted frames for a cache period and monitor for acknowledgement messages from the
frame collectors. These acknowledgment messages indicate either that all frames of an IP
flow have been received (causing the cache to be flushed of that IP flow) or that designated
frames need to be retransmitted.

Functions of the Frame Collector
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The function of the frame collector is to:

(1) collect the frames or packets addressed to the same CM and received on the
different DOCSIS channels to which the CM is tuned;

(2) put the received packets or frame into the proper order (if they are not received
in the proper order) and deliver them to the network interface card for transmission on the
LAN. l

in alternative embodiments, the frame collector also makes sure all the packets are
there (at least in embodiments where sequence numbers are used) and sends an
acknowledgment message to the CMTS. This message indicates either that all frames have
been received, or, if there is a missing packet or frame, requesting retransmission of at
least the missing frame. Making sure that all frames have been received can be done even in
the embodiment where seqence numbers are not inserted by the frame distributor and ali
frames of an IP flow are transmitted on a single DOCSIS channel if the server which
generates the IP flow and compresses it by MPEG compression puts a sequence number in the
private_section of the MPEG transport packet. The frame collector can then coordinate with
an MPEG decoder in each receiver to check these sequence numbers to make sure all MPEG
transport packets have been received.

There are many ways of implementing the frame distributor and frame collector
functions. For example, both may be implemented purely in software, or they may be
implemented in hardware in the data path. Either or both may be implemented in a
combination of hardware and software. Finally, the functionality of each may be
implemented by a single functional block, or the functionality may be distributed across
multiple blocks. For example, the CMTS frame distributor may have a portion of its
functionality implemented within the routing/bridging function (in either hardware or
software), and a remaining portion implemented in the RF channel. Regardless of how and
where the functionality of the frame distributor in the CMTS and the frame collectors in the
CMs, both a frame distributor and a frame collector in every CM that is wideband capable
must exist.

Frame Ordering

The DOCSIS specs require that frames that belong to a single IP flow must be
delivered in order. In the general case, each channel may be configured differently, and
therefore each channel may have different data delivery rates and latencies. Therefore,
frames may not be randomly assigned to the channels and delivered by the receiver in order
of reception as that will cause frames of the same IP flow to be delivered out of order.
Therefore, some care must be exercised in the way frames are transmitted and received.

Transparent Method



10

15

20

25

30

35

WO 2004/107634 PCT/US2004/015183

13

It is possible to guarantee that all frames from a single IP flow arrive in order if a
restriction is implemented which requires that all fra;nes from a single IP flow be
transmitted over only one of the multiple logical channels to which a wideband CM is tuned.
This guarantees the proper order of delivery if the frames are transmitted in the proper
order. This is the method which is used in prior art port trunking systems which comply
with the IEEE 802.3ad specification.

This transparent method has several advantages which include the fact that all
processing is done by the CMTS when the frames are transmitted, and no extra processing is
required at the CM. Since the CM is the most cost sensitive component since there are so
many of them, simplifying the CM with less software and hardware is a significant
advantage. Also, the transparent method requires no exira encapsulation of each frame need
be performed and no additional header data need be added by the CMTS to each frame in order
to transmit the frame. Therefore, less datapath overhead is involved in this method.

There are also several disadvantages to this transparent method. For example,
identifying all IP flows is difficult and possibly expensive to implement. The transparent
method also will limit the the maximum data rate to a single CM if that traffic is on one or a
few IP flows. Also, in the case of delivery of several high-rate (3.5 MB/s) video streams,
use of the transparent method is likely to limit the efficiency of the statistical multipiexing
that may be done.

Sequence Number Method

To guarantee that the packets or frames can be assembled into the correct order after
reception without the restrictions of the transparent method, an alternative method is to add
a sequence number to the header of each frame. This sequence number must be incremented
at the transmission end for each frame sent across a multi-channel group of channels to
which a wideband CM is tuned. The sequence number is typically is added by the frame
distributor circuit or process 38.

At the receiving end, the CM examines the sequence numbers of the frames received
from each channel, and the frames are buffered long enough to deliver them in sequence.
This is method is used in non HFC system according to the Multilink-PPP RFC 1990.

Encapsulation

One way of adding sequence numbers is to use another level of encapsulation. There
are many ways of doing frame encapsulation, and any one of them will suffice to practice the
invention so long as a sequence number can be added. Figure 3 is an examplie of one way of
using encapsulation to add a sequence number for purposes of implementing wideband
DOCSIS. Figure 3A is a diagram of the original DOCSIS packet in the form of an Ethernet
packet encapsulating a PDU or data portion per LLC encapsulation defined in the IEEE 802.3
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specification. The Ethernet packet header has a destination address 56, source address 58, a
type/length (T/L) field 60 which indicates the type of the packet, and a data portion called a
PDU shown at 62 and which usually is an 1P packet. Figure 3B is a diagram of the modified
DOCSIS packet having sequence numbers added by the frame distributor and suitable for use
in wideband DOGCSIS according to the teachings of one embodiment of the invention. Any other
mechanism to encapsulate sequence numbers so all frames of an [P flow can be put back into
the proper order at the receiver will also suffice to practice the invention. For example,
sequence numbers may be added to the private_section) of the MPEG transport stream packet
by the server which generates each IP flow, and these sequence numbers can be used by the
frame collector to make sure all frames have been received and to put them in the proper
order. In the embodiment where the sequence numbers are added by the frame distributor,
the destination address and source address are unchanged, but a new value for the

type/length field T/L is calculated and included at 64. A new field 66 is added to include the
sequence number for this packet, and the new T/L field takes into account the length of the
sequence number field. The original T/L field is included at field 60. The original PDU data
is shown at 62.

Extended Header in DOCSIS Encapsulation

The DOCSIS protocol already performs an encapsulation of each frame of data as
shown in Figure 4. The frame of Figure 4 is comprised of a seven byte preamble field 68, a
one byte syncbyte field 70, and a one byte Frame Control (FC) field 72 which is shown in
expanded format at 74. The FC field is followed by three bytes of MAC control data in the
MAC-PARM field 74 and length field 76. An optional five byte extended header field EHDR
78 is used for encryption purposes for privacy on the cable plant. Another optional extended
header field is the extended PHS field 80 which stands for payload header suppression. This
field is two bytes long and can be used to extend the capabilities of DOCSIS to suppress
repetitive headers. DOCSIS provides the capability to add other extended headers, so the
sequence numbers needed for the wideband DOCSIS extension of conventional DOCSIS can be
added to a new extended header field not currently defined in DOCSIS. This is the preferred
embodiment. This new extended header field bearing a sequence number needed to support
wideband DOCSIS is shown at 82. ‘

The HCS field 83 is the media access control check sequence field which contains
error detection and correction bytes to allow checking the header information for errors and
correcting them.

The PDU field 84 is of variable length, and usually comprises an IP packet
encapsulated in an Ethernet packet. It is shown in expanded form at 86 as having a six byte

destination address 88, a six byte source address 90, a two byte type/length field 92, a
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payload data section 94 and a four byte CRC field with error detection and correction data.
This is the Ethernet packet format. The PDU of the Ethernet packet is usually an IP packet
which itself has a PDU which is usually a UDP or TCP datagram with a UDP or TCP header
and a payload portion. The payload portion of the UDP packet is usually a plurality of MPEG
packets comprising an MPEG transport stream.

Figure 5, comprised of Figures 5A and 5B, is a flowchart of the processes performed
in both the CM and the CMTS (but mainly the CM) to establish a port trunked point-to-
multipoint link across an HFC system using DOCSIS protocols. Step 98 is the process of a
wideband capable CM booting up and searching for a conventional DOCSIS downstream. Each
downstream used in wideband DOCSIS is completely conventional. What is new is to adapt the
CMTS and CMs to use multiple conventional downsireams simultaneously to send data from
one or more IP flows to the same CM in a point-to-multipoint physical plant and protocol.
Every CM in a DOCSIS system searches for a DOCSIS downstream when it first powers up and
locks onto it for ranging. The CMTS might tell the CM later to change to a different
downstream, but the CM initially locks onto the first DOCSIS downstream it finds.

In step 100, the CM does its conventional DOCSIS ranging including ranging and
channel equalization using a DOCSIS upstream associated with the DOCSIS downstream to
which the CM previously locked. There may be more than one DOCSIS upstream available for
use b3'/ the CM. Likewise, all the wideband DOCSIS downstreams may share the same
upstream. Technology to do this is described in a U.S. patent application owned by the
assignee of this invention and entitled PROCESS FOR SHARING AN UPSTREAM AMONG
MULTIPLE DOWNSTREAMS, serial number 10/295,712, filed 11/15/02, which is hereby
incorporated by reference.

In step 102, the CM, after ranging is completed, sends an upstream registration
request message to the CMTS. “Ranging”, as that term is used herein refers to the
conventional DOCSIS processes of ranging to find the proper transmit timing offset to
achieve upstream synchronization, development of phase and amplitude offset correction
factors unique to the cable modem from the preamble symbols of the ranging burst, and
performing upstream and downstream equalization. The registration request message is
conventional except for a new modem capabilities field. This modem capabilities field
contains data which describes the modem’s extended downstream and upstream capabilities.
Thus, if the CM has three tuners capable of tuning in and recovering the data from three
different downstream channels simultaneously and transmitting on the upstream associated
with each downstream, these capabilities will be encoded in the data in the modem
capabilities field. This is essential to DOCSIS systems which are backward compatible and

which may contain legacy CMs which can only tune one channel at a time, but would not be
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essential in a newly constructed system wherein all the CMs had the same wideband DOCSIS
capabilities such that the individual CM capabilities would not need to be described in the
upstream registration request message. In systems where legacy modems are present, this
new field in the registration message is required and must contain at least the description of
how many DOCSIS downstream channels (and what types of downstream channels in terms of
the channel parameters the extra CM tuners can receive in some embodiments) the CM can
simultaneously receive and process to implement wideband DOCSIS. Optionally, this new
field also describes how many upstream channels can be used simultaneously. In species
within this genus, step 102 also represents the process of sending upstream bandwidth
requests to the CMTS to tell it how much upstream bandwidth the CM needs.

Step 104 represents the process of the CMTS receiving the registration message and
registering the modem in the normal way and the CMs that have successfully ranged sending
a registration message with the registration messages of the CMs which are wideband capable
so indicating and advertising their capabilities. The CMTs then sends a new message in the
DOCSIS protocol to the CM. This new message is called the Extended Channel Enable (ECE)
message. The ECE message is a downstream message to the CM that just registered
instructing that CM to enable or disable wideband DOCSIS capability. The ECE message also
specifies the frequencies and other operating parameters of the plurality of downstream
channels the CM is to use to receive downsiream wideband DOCSIS data. The ECE message can
be used at any time by the CMTS to disable wideband DOCSIS operations by any CM, and add or
drop downstream channels (or upsiream channels in some embodiments) to enlarge or
decrease the capacity to any particular CM via wideband DOCSIS. '

In other species of this genus, the CMTS:

receives upstream bandwidth requests from the various cable modems so that it
knows how much upstream ftraffic there is from each CM, and determines how much
downstream traffic there is to each CM from the information the frame distributor is
receiving from the router;

schedules transmission of downstream frames for each [P flow to a particular CM
using a Quality of Service algorithm so as to at least meet guaranteed and commitied bit rates
of constant bit rate and variable bit rate with committed portion IP flows;

schedules transmission of upstream frames for each [P flow from a particular CM
using a Quality of Service algorithm so as to at least meet guaranteed and committed bit rates
of constant bit rate and variable bit rate with committed portion IP flows and so as to fulfill
as much as possible the bandwidih requests;

generates and transmits MAP messages and UCD messages for each DOCSIS upstream

with the grants in the MAP messages allowing simultaneous upstream transmissions on
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different DOCSIS upstream from each wideband capable CM so as to implement upstream
wideband DOCSIS operations;

releases downstream frames to the various downstream transmitters for the various
IP flows addressed to each particular CM at the appointed times per the schedule so as to

implement wideband DOCSIS downstream transmissions to wideband capable CMs;

Test 106 represents the process of the CM receiving the ECE message and
determining if wideband DOCSIS has been enabled. If it has, step 108 is performed wherein
the CM tunes some or all of its additional tuners to the additional downstream channels
specified in the ECE message and locks onto the additional downstream channels. Normally
there is one tuner per downstream channel although in alternative embodiments, a single 12
MHz tuner can receive two adjacent 6 MHz bandwidth channels and a digital signal processor
can separate the channels and separate demodulators can recover the data on the two
channels. References in the claims to a plurality of DOCSIS tuners should be understood as
also referring to this alternative embodiment. The CM then performs ranging on each
downstream channel using the upstream channel associated therewith. The upstream channel
associated with the newly assigned downstream may be the same upstream the CM is already
dsing or it each newly assigned downstream may have its own associated upstream. An
upstream is needed for most networking protocols. With regard to wideband DOCSIS in the
downstream direction, the upstream is needed for the DOCSIS protocol to establish
communication on the downstream. In particular, part of the DOCSIS protocol is to transmit
upstream ranging data that the CMTS uses to determine phase and amplitude error correction
factors for this particular CM from the preamble of the ranging burst and to determine
upsiream equalization coefficients to be sent back down to the CM for use by the CM in
deriving new upstream equalization filter coefficients for an equalization filter used to filter
transmissions upstream to the CMTS. The equalization filter coefficients may be sent down
to the CM on any of the downstreams to which it is tuned. More particularly, the upstream
is needed to send a registration message after ranging which tells the CMTS that the CM that
just completed ranging is wideband capable and upon how many downstream channels it can
simultaneously receive data.

In step 112, after ranging has either succeeded or failed on the upstream channel
referenced to a DOCSIS downstream of a wideband DOCSIS group being used by a CM, the CM
sends an acknowledgement message. The DOCSIS protocol messages define which upstream is
associated with each DOCSIS downstream. The acknowledgement message is sent upstream to

the CMTS indicates success or failure in ranging on each upstream of a newly enabled



10

15

20

25

30

35

WO 2004/107634 PCT/US2004/015183

18

downstream. The CM then starts wideband DOCSIS operations using the wideband DOCSIS
downsireams on which ranging has been successfully completed.

Step 122 is an optional step which is only performed in embodiments where one or
more additional upstreams are to be used in wideband DOCSIS operations. Step 122
represents a test to determine if one or more additional ECE messages have been received
requesting enabling of one or more additional upstreams. If not, operations by the CM
continue on the previously specified downstream channels until power down or reboot, as
symbolized by step 120. If test 122 indicates an ECE message has been received enabling
one or more additional upstreams, step 124 is performed next. In step 124, the CM
performs ranging on each requested upstream and sends a success message to the CMTS for
each upstream channel upon which ranging has been successfully performed. The CMTS then
controls upstream traffic on the newly enabled upstreams from a particular CM using the
MAP messages of the conventional DOCSIS protocol.

Finally, step 127 4R26-is performed to commence operations on the newly acquired
upstreams and continue to perform wideband DOCSIS operations on previously acquired
downstreams until power down or reboot. The CM must continue to listen for new ECE
messages however that add or drop channels and respond thereto appropriately. This
function is represented by line 127 connecting step 126 with the test of step 114.

Returning to test 106, if test 106 determines that wideband DOCSIS has not been
enabled, step 110 is performed to carry out conventional single channel DOCSIS operations
on the single dowstream channel previously acquired (or a new downstream channel
specified by the CMTS in a downstream message after registration and after ranging on the
new downstream channel). -

Test 114 determines if any new ECE message has been received from the CMTS. If
not, step 110 represented continued single channel DOCSIS operations is continued to be
carried out. If a new ECE message has been received, test 116 is performed to determine if
the ECE message adds or drops downstream channels. If new downstream channels are added
to the CM’s wideband DOCSIS collection, step 108 is performed again wherein the CM tunes
unused tuners to the new downstream channel(s) designated in the ECE message and locks
onto them. The CM then performs ranging using the associate upstream of the newly
designated downstream channel, and processing following step 108 then proceeds as
previously described.

If test 116 indicates the new ECE message requests dropping one or more downstream
channels, step 118 is performed to drop the specified channels, and then step 120 is
performed to continue DOCSIS operations on the remaining channels until power down or

reboot.
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Figure 6, comprised of Figures 6A and 6B, is a more detailed flowchart indicating the
processes implemented in the CMTS and CM (but mainly the CMTS) to carry out wideband
DOCSIS operations from a packet distribution, reception and ordering standpoint for a single
IP flow. There may be many IP flows, so the processing of Figures 6A and 6B as to routing
and distribution of packets on the CMTS side and collection and ordering the packets into the
proper order at each CM are repeated for each IP flow.

Steps 128 and 130 simply establish which CMs are wideband capable and enable
multiple downstreams, and are the same processes described in Figures 5A and 5B to
establish wideband downstream DOCSIS. Step 128 represents the process of the CMTS frame
distributor or a control CPU or both examining registration message data to determine which
CMs are wideband DOCSIS capable and to determine how many tuners each CM has. The
preferred embodiment is to have a control CPU such as CPU 242 in Figure 12 cooperate with
the upstream DOCSIS receivers to receive upstream registration messages from the CMs.
The control CPU also receives upstream bandwidth requests and determines which CMs have
upstream traffic and receives information from the router/bridge 30 as to which CMs have
downstream traffic addressed to them. The control CPU then examines the registration data
to determine which CMs are wideband DOCSIS capable and how many downstream channels
each can tune simultaneously. The control CPU then populates a table, typically in the frame
distributor, with data that maps CMs to downstream DOCSIS channels. This is important in
systems where legacy CMs with only one tuner may be present and in systems where various
CMs may have various numbers of tuners.

In step 130, the CMTS (control CPU in cooperation with downstream transmitters
using table mapping downstream channels to CMs) sends a downstream ECE-REQ message to
each CM that is wideband capable and which has a subscription for wideband DOCSIS service.
The ECE message to each CM instructs it which downstream channels to use for wideband
DOCSIS operations and specifies the operating parameters of each downstream channel. In
some embodiments, the CMTS may send an ECE message to automatically enable all
downstreams that a wideband CM can tune even if there is no traffic to that CM. In other
embodiments, the ECE message is only sent after step 134 does its scheduling function and
the need for additional downstream channels to particular CMs with heavy traffic is clear.

In other embodiments, the ECE message may be sent to particular CMs based upon several
criteria such as traffic load, whether the CM has a subscription for wideband DOCSIS,
operator preferences, etc.

In step 132, the CMTS frame distributor receives incoming packets from the router
and uses address information in each packet to determine to which CM the packet must be

sent. Typically, each incoming packet from the WAN includes address information that
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identifies the IP address of the peripheral or process running in a peripheral coupled via a
local area network or bus connection to the CM. The router has mappings between the IP
addresses behind each CM and the MAC address of the CM stored in its routing tables. The
router then determines the IP address in each packet and uses that IP address to look up in
its routing tables the MAC address of the peripheral (also called Customer Premises
Equipment or CPE) behind the CM to which the packet is addressed. The router has an ARP
table which maps each IP address to a MAC address for each CPE behind a CM and the CM
itself. In some embodiments, the ARP table is used to store numbers which can be used by
the frame distributor to look up channel numbers such that the frame distributor can
determine upon which channel to send each packet based upon the data in the ARP table. Each
CM is a bridge, so the router puts the MAC address of the CPE in the packet, and the CM
bridges it onto the LAN or bus coupled to the CPE. In other embodiments, other router
processing and frame distribution schemes can be used to determine to which CM each packet
is to be sent.

The downstream parameters such as frequency, modulation type, interleaver depth,
symbol rate, etc. are determined automatically by the CM for the initial DOCSIS downstream
to which it locks, but should be specified in the ECE message by the CMTS for additional
DOCSIS downstreams.

The next job of the frame distributor, as symbolized by step 134, is to deliver all
the packets of each IP flow to the CM to which they are supposed to be sent in order, or to at
least manage transmissions such that the packets can be put in the correct order at the
receiver. Generally, step 134 represents the process of the frame distributor distributing
packets to optimize delivery and satisfy quality of service requirements. The frame
distributor must always manage transmissions on the multiple downstream DOCSIS channels
used by each wideband CM so as to preserve the packet ordering within an IP flow. This can
be done in either of two ways. In a first class of embodiments, the correct order of frames in
each IP flow is preserved by restricting the operation of the frame distributor to sending all
the IP packets from each particular IP flow in the correct order on only one DOCSIS
downstream. Packets from other IP flows can be sent on other downstreams in a similar
fashion to the CMs to which they are addressed, and other IP flows to the same CM can be sent
in order on another downstream of the wideband trunk being used by said same CM. In a
second class of embodiments, the frame distributor adds a sequence numbers to each MAC
frame and then sends the MAC frames addressed to each wideband DOCSIS CM fo the CM using
multiple downstream channels simultaneously.

In either class of embodiments, the frame distributor uses any quality of service

algorithm to schedule downstream traffic transmissions to each CM, and then uses the
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multiple downstream channels each broadband DOCSIS CM is tuned to as described above in
accordance with whichever of the first or second class of embodiments is being implemented.

Step 136 represents the process of the CM receiving and recovering MAC frames
from each wideband DOCSIS channel to which the CM is tuned. All the MAC frames
transmitted to all the CMs tuned to a particular downstream channel are received by each CM
tuned to that downstream channel. All these MAC frames collected from all the wideband
DOCSIS channels to which the CM is tuned are sent to the frame collector in the CM.

In step 138, the frame collector sorts through ali the MAC frames received and
discards any MAC frames not addressed to this CM. The frame collector then, in some
embodiments, determines that all the MAC frames addressed to this CM have been received.
This is done using sequence numbers in the MPEG encoding in the encapsulated MPEG frames
or the sequence numbers added by the frame distributor to the DOCSIS frame header. In the
preferred embodiment, step 138 is skipped altogether since DOCSIS is a “best efforts”
transport mechanism. Step 138 is performed in embodiments where efforts to improve
upon the DOCSIS “best efforts” transport mechanism are made.

Finally, in step 140, the frame collector puts the MAC frames addressed to this CM
in the proper order and delivers them to the network interface.

QUALITY OF SERVICE

Since the additional DOCSIS downstream channels may be carrying MPEG compressed,
encapsulated video or other high bandwidth services which cannot tolerate high latency lest
buffer underun occur, quality of service is important. Quality of service (QoS) is a
methodology for examining the requirements of the services each CM has ordered and for
which it has a valid subscription and looking at the CM’s capabilities and then scheduling
transmissions to meet the needs of the service while utilizing the CM’s capabilities to the
fuliest.

Point to point trunked lines such as 1SDN service where multiple B channels are used
can carry multiplied flows identified by QoS parameters such as peak rate, average rate, etc.
The QoS problem in point to point trunked lines has already been solved in the prior art, but
the problem of providing QoS in trunked point-to-multipoint DOCSIS downstreams to
provide wideband DOCSIS has not been previously solved.

For purposes of describing the QoS algorithm genus for the point-to-multipoint
environment, the following terms are defined.

“Flow”; a stream of data frames that conform to a given rule or have particular
header information which differentiates them from other data frames of another flow, such

as all data frames going to IP address 4.4.4.4 with UDP protocol on port 4000.
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“QoS”: the ability to shape flows according to traffic parameters such as peak rate,
average rate, burst size, maximum allowable delay and maximum allowable jitier, and to
comply with topological constraints such as which modems are broadband capable and how
many tuners does each have.

“Link”: a unidirectional fixed bandwidth pipe through which packets are sent such as
a DOCSIS downstream (the bandwidth is fixed by the fixed symbol rate assigned to the DOCSIS
downstream by the CMTS). A link can carry many flows. For example, multiple flows can
be multiplexed into the link such as by use of statistical multiplexing or through use of any
other form of multiplexing.

“Trunk”: a set of links going the same direction and forming a single virtual link.
The purpose of bundling links is to have flow with bandwidth capabilities exceeding those of a
single link as well as improving the statistical multiplexing of flows. Each link in a trunk is
referred to as a trunked link. '

“Point to Multipont Trunk”: a trunk with a single transmitter or CMTS and multiple
receivers at least some of which can tune to multiple links in the trunk.

Figure 7 is a diagram that illustrates the point-to-multipoint physical and logical
channel architecture on an HFC system for purposes of explaining the QoS algorithm taught
herein. CMTS 142 has four downstream transmitters which transmit four separate DOCSIS
downstreams of which downstream 146 and 148 are typical. In this example, these four
DOCSIS downstreams will be referred to as channels 1, 2, 3 and 4. Four separate cable
modems 150, 152, 154 and 156 are shown. Cable modem 152 is a legacy CM which can
only tune one logical channel and is not wideband DOCSIS capable. The other three CMs are
wideband DOCSIS capable. For example, CM 150 has two tuners which are tuned to channels
1 and 2 (after the above described protocols are performed and the CMTS orders CM 150 to
tune to channels 1 and 2. CM 154 has been instructed to tune to logical channels 3 and 4,
and CM 156 has been instructed to tune to channels 1, 2, 3 and 4. All four logical channels
1 through 4 are DOCSIS downstreams transmitted at different center frequencies on the
downstream medium of HFC 144 and form a trunked line. Each of the channels 1-4 has a
known bandwidth associated therewith which is established by the symbol rate established
for the downstream channel by downstream UCD messages from the CMTS giving the channel
parameters of each channel.

The CMTS 142 can transmit downstream on any of the four channels or all four
simultaneously, but most of the CMs are limited in their capabilities by the number of
tuners they have and can simultaneously receive data on only a subset of channels 1-4.

Each wideband DOCSIS capable CM has a number of flows established by the

downstream ECE message which can be used to pass data to the CM. Each one of the flows may
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have an arbitrary QoS requirement to meet. Figure 8 is a table listing all the flows of the
example of Figure 7 which shows the source and destination of each flow, the flow ID and the
characteristics of the flow in terms of its quality of service requirement. Each row in
Figure 8 corresponds to one flow ID, and the flow ID is given in column 158. The source and
destination of the flow is given in column 160, and the QoS requirement is given in column
162. For example, flow ID f-TA-1 has a best efforts QoS requirement with a peak rate of
pAT. A

As the CMTS transmits information to CMs 150 through 156 through the various
flows, it needs an algorithm to schedule transmission on channels 1-4 which meets the
various constraints caused by the topology of the receivers (such as which channels can be
used to transmit data to which CMs) and which meets the desired flow characteristics. Using
the aggregate capability of port trunking effectively cannot occur until this problem is
solved. '

The solution to this problem is a scheduler process which schedules flows to meet all
the topological constraints and the desired flowcharacteristics. Any variant of the below
described scheduler algorithm which solves this problem is within the teachings of the
invention. Any hardware or software implementation of the below described QoS algorithm
for the point-to-multipoint environment such as a DOCSIS HFC system is within the
teachings of the invention.

Figure 9 is a block diagram of the functions that need to be performed to implement a
scheduler to provide QoS functionality in the point-to-multipoint environment of a DOCSIS
system implemented in HFC. A schedular 164 implements the QoS algorithm and controls
release of frames to be transmitted from the Queue memory 166. There will be one Queue
memory like memory 166 for each separate flow being managed by the scheduler. The
scheduler receives as one input a clock on line 168. The scheduler also receives on line 170
the flow parameters of at least the flow the packets of which are stored in memory 166. As
each new incoming frame to be transmitted is stored in memory 166 via line 172, an
indication that a new frame has been stored in the memory and information regarding the
size of the frame is sent to the scheduler 164 on line 174. This is done so that the scheduler
can keep track of how full the memory is based upon knowledge that it retains as to how
many frames have been stored in memory 166 and their sizes, and how many have been
released for transmission over a given interval of time. The scheduler maintains this
information to avoid overflow of memory 166. When the scheduler decides a frame of a flow
must be released, it generates a frame pass signal on line 176. This causes memory 166 to
output a frame for transmission on line 178. Memory 166 is a FIFO in a first embodiment

where all frames from a single IP floware restricted to be sent on the same link or channel.
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If the sequence numbering packstization embodiment is being implemented, the frames
stored in memory 166 will have already been modified by the addition of sequence numbers,
s0 memory 166 does not need to be a FIFO in this embodiment.

Figure 10 is a flowchart of the preferred QoS algorithm for scheduling flows for a
single IP flow. This process is repeated for each IP flow. Although the process is described
with regard to downstream wideband DOCSIS where the CMTS is doing the scheduling, it also
can be used for upstream wideband DOCSIS, but the CMTS also does the wideband DOCSIS
scheduling for the upstream as will be described below. Step 180 represents the process of
gathering data for each CM that joins the trunk. This step determines how many links or
downstream channels a CM that joined the trunk can simultaneously tune. This information
is gleaned from the registration data supplied by the CM which indicates how many tuners it
has. In step 182, the QoS algorithm controls the CMTS to determine the particular links or
downstream channels that have been enabled for each CM and which the CM can actually use
at this particular time for wideband DOCSIS. This is gleaned from the downstream MAP
messages and ECE-REQ messages the CMTS has sent to each CM enabling various downstreams
(ECE messages) and scheduling flows thereon (MAP messages). Step 184 represents the
process to prepare a schedule to release frames. This step checks to verify that links are
available for transmission to which a CM is tuned. This is done if said CM has an allocation
of data with a constant bit rate with a guaranteed portion or a variable bit rate with a
committed portion, but in other embodiments it will be done for any CM which has any
allocation of data regardless of QoS requirements for the flow. The idea is to make sure links
are available so that scheduling of guaranteed portions may be made.

Step 186 represents the process of scheduling release of frames to take care of
transmitting the guaranteed portions of an allocation to a CM to which a flow with constant
bit rate is directed, or to schedule the release of frames to take care of transmitting the
committed portion of a variable bit rate flow to a CM which has such a flow directed to it.
The scheduling sets the time of release of frames so as to meet the flow requirements of the
guaranteed or committed portions.

Step 188 represents the process of generating frame release signals to memory 166
at the appropriate times according to the schedule established in step 186. This fulfills the
guaranteed or committed portions of the flow bandwidths. The scheduler uses any times
when no flow releases are scheduled or when there is no traffic to generate frame release
signals for frames which are part of other flows such as best efforts or non guaranteed
portions of variable bit rate flows. Frame release signals are generated so as io peak a

conforming flowduring these times.
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The essential elements that all species of the downstream wideband DOCSIS process
with QoS will share are as follows.

(1) There will be a process to determine which CMs are wideband capable and how many
tuners each has that can be used for wideband DOCSIS.

(2) There will be a process to send a message to each CM which tells it how many
downstream channels to tune and what their parameters are.

(8) There will be a process to determine the QoS parameter for each IP flow to a CM and
what guaranteed portions of a constant bit rate IP flows exist for all IP flows and what
committed portions of variable bit rate IP flows exist for all IP flows.

(4) There will be a process to store frames from each incoming IP flow and schedule release
of frames of each guaranteed portion of a constant bit rate IP flow and schedule release of
frames of the committed portion of variable bit rate IP flows.

(6) There will be a process to generate signals to release frames per the schedule to fulfill
guaranteed and committed portions of IP flows and to look for gaps in the schedule when there
is no traffic or no scheduled releases and use those times to release frames of other IP flows
such as best efforts flows and the non guaranteed or non committed portions of constant bit
rate flows or variable bit rate flows, respectively.

Figure 11, comprised of Figures 11A and 11B, is a flowchart of the process of
implementing upstream wideband DOCSIS. Step 192 represents the process whereby the
CMTS broadcasts DOCSIS Upstream Channel Descriptor (UCD) messages identifying all the
available upstreams and their channel parameters such as center frequency, symbol rate,
modulation type etc. Step 194 represents the process of a CM powering up, searching for
and locking onto any DOCSIS downstream, ranging using the upstream associated with the
downstream to which it locked and registering using the same upstream and sending data to
the CMTS which indicates how many tuners the CM has that can be used for upstream
wideband DOCSIS. The CMTS may also send the CM a channel change message indicating it
wants the CM to shift to another downstream and its associate upstream, and this too would
be symbolized by step 194.

In step 196, the CM receives requests from user applications and sends upstream
bandwidth request messages to the CMTS during bandwidth request contention intervals in
the upstream MAP for the upstream channel to which the CM is tuned in a conventional
DOCSIS fashion.

In step 198, the CMTS collects these upstream bandwidth requests from each CM and
uses registration message data to determine which CMs are wideband DOCSIS capable for the
upstream. The CMTS then uses the registration data to determine how many tuners each

wideband capable CM has which may be used for wideband DOCSIS upstream operations.
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Step 200 represents the process of using any quality of service algorithm, including
the one depicted in the flowchart of Figure 10 to schedule upstream grants for each IP flow
from each CM which is upstream wideband DOCSIS capable. The schedules are put into MAP
messages, one MAP message per upstream. Each MAP message identifies in a series of grants
when each CM whose service identifier is included in the MAP message may transmit on the
upstream to which the MAP pertains. Transmit parameters will be as listed in the UCD
message for that upstream.

In step 202, the CMTS uses the schedule information in the MAP messages generated
in step 200 to generate and send ECE-REQ messages to each CM which has been scheduled in
the MAP messages for upstream wideband DOCSIS operation. The ECE messages to each such
CM tell the CM how many upstreams to enable and which ones. The CM responds by tuning
its tuners to the designated upstreams and sets up its transmitter to transmit on that
upstream using the parameters of thé UCD message for that upstream. The CMTS then
broadcasts the MAP message generated in step 200 for each upstream to all the CMs tuned to
the downstream to which the pertinent upstream is mapped.

In step 204, the CMs receive the ECE and MAP messages and each determines whether
upstream wideband DOCSIS has been enabled for it. This can be done by drawing an inference
from the MAP messages or ECE messages or by an express notification message in some
embodiments. For example, the fact that a CM receives an ECE message telling it to enable
multiple upstreams and the fact that an ECE message is peculiar to wideband DOCSIS
supports the conclusion that the CM should use the enabled upstream channels for wideband
DOCSIS operations. This can be confirmed when the CM examines the MAP messages for all
the upstream channels it has been told to enable and finds multiple grants to it
simultaneously on multiple upstream channels.

In step 206, the CM sets its tuners and transmit parameters for each enabled
upstream channel per the parameters in the UCD messages pertaining to the enabled
upstream channels. The CM then transmits its data simultaneously on the enabled upstream
channels at the times designated in the MAP messages pertaining to each upstream channel.
The CM does this using a frame distributor to distribute frames to the various upstream
transmitters, and the frame distributor release frames at the appropriate times according to
the MAP timing. MAP grants where no traffic is scheduled by the QoS algorithm or where no
traffic exists are used to schedule the CM to release frames of IP flows of other QoS types
that do not have guaranteed constant bit rates or committed bit rate portions of variable bit
rate flows up to the peak rate of best efforts and other IP flows with other than guaranteed or

committed bit rates.
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The frame distributor in the CM can guarantee correct order of reception of all
frames from an IP flow by either restricting all frames from a single IP flow to be sent on
one upstream channel, or by adding sequence numbers as described previously for
downstream wideband DOCSIS operation.

In step 208, the CMTS receives all frames from a CM on all the upstream channels
assigned to it, and passes them to its frame collector. In step 210, the frame collector
makes sure all the frames are there that are supposed to be there and puts them in order
either by using a FIFO per IP flow in the first embodiment where each [P flow is restricted
to one channel or by using the sequence numbers. The frame collector then outputs the
frames of all IP flows in the proper order for further processing by the CMTS in step 212.

Figure 12 is a block diagram of a system comprised of a plurality of wideband DOCSIS
CMs that are capable of wideband DOCSIS transmissions in both the upstream and
downstream direction along with one or more conventional single DOCSIS channel CMs, all
coupled by a shared HFC system to a single CMTS. Block 214 is a wideband DOCSIS CM with
both upstream and downstream wideband capabilities since is has multiple DOCSIS
transmitters and multiple DOCSIS receivers (they may be combined into multiple DOCSIS
transceivers). Two conventional DOCSIS receivers are shown at 216 and 218 and a frame
collector is shown at 220. The DOCSIS receivers receive downstream wideband DOCSIS
frames or packets and pass them to the frame collector. The receivers also receive
downstream UCD and MAP and ECE messages and pass them to control computer 217. The
frame collector makes sure all the packets that are supposed to be present are present and
puts them into the proper order for delivery to NI or bus interface 222. The interface 222
delivers them to whatever peripheral is coupled to the CM via a LAN or bus.

Upstream packets are received by the Ni/bus interface 222 and are passed to the
frame distributor 224. The frame distributor receives information regarding which of
upstream DOCSIS transmitters 216 and 218 to send each packet to and when from the
control computer 217 via control path 230. The control computer determines to which
upstream transmitter each packet is to be transferred to and when from information in the
downstream ECE and MAP messages from the CMTS. The control computer also configures
each upstream DOCSIS transmitter via control path 232 to transmit on one of the DOCSIS
upstreams designated in the downstream ECE message using the parameters designated for
the DOCSIS upstream in the UCD message pertaining to the DOCSIS upstream in question. The
DOCSIS receivers are configured via control path 232 to receive on the DOCSIS downstreams
designated in the ECE message in accordance with whatever the parameters of those DOCSIS
downstreams are. The control computer 217 orchestrates operation of all these circuits to

perform the following functions:
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powering up, finding a DOCSIS downstream and locking onto it, and
using a DOCSIS upstream to perform conventional DOCSIS ranging including
ranging and equalization and sending an acknowledgment message indicating
whether or not ranging has been successful, and sending a registration
message to said CMTS which advertises the CM’s wideband upstream DOCSIS
capabilities; '

receiving a plurality of Upstream Channel Descriptor (UCD)
messages, each of which describes the frequency, symbol rate, modulation
type and other parameters of a DOCSIS upstream;

receiving requests from user applications to send data upstream and
responding thereto by sending upstream bandwidth requests;

receiving an Extended Channel Enable message which indicates which
upstream DOCSIS channels to use for wideband DOCSIS upstream operations,
and receiving a plurality of MAP messages, each pertaining to a single DOCSIS
upsiream channel and defining when said CM may transmit on said channel;

setting up the transmitters of said CM to transmit on the upstream
DOCSIS channels designated in said ECE messages in accordance with the
parameters in the UCD message pertaining to the appropriate upstream
channe?], and timing the transmission of upstream data on the designated
channels per grants in said MAP messages pertaining to said channels.

The wideband capable CMTS 236 is structured the same and operates the same as
discussed above for Figure 2 for the downstream. The wideband DOCSIS upsiream portion of
the CMTS comprises a plurality of DOCSIS receivers 238 and 240 which are configured by
control computer 242 in accordance with the data in the downstream UCD messages sent to
the CM. The CMTS control computer knows from the MAP messages which CM’s data it is
receiving at any particular minislot and which upstream DOCSIS channel to which it has
been assigned. It also knows the parameters of that upstream channel so it sets up each
receiver via control path 246 to receive according to the proper parameters. The receivers
pass all the frames they receive to frame collector 244 which functions like the frame
collectors in the CMs to make sure all the frames that are supposed to have been transmitted
during the grant to any particular CM have arrived. The frame collector then puts the
frames of each IP flow into the proper order and delivers them to the router 30 via path
248.

Although the invention has been disclosed in terms of the preferred and alternative
embodiments disclosed herein, those skilled in the art will appreciate possible alternative

embodiments and other modifications to the teachings disclosed herein which do not depart
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from the spirit and scope of the invention. All such alternative embodiments and other

modifications are intended to be included within the scope of the claims appended hereto.
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What is claimed is:

1. A method for performing downstream wideband DOCSIS in a point-to-
multipoint environment comprising a cable modem termination system (CMTS) coupled
to a plurality of cable modems (CMs) by a shared transmission medium, comprising:

determining which cable modems are wideband capable and how many
downstream channels each can simultaneously use;

sending an extended channel enable message ;[o each wideband capable cable
modem telling it which downstream channels to which it should tune for reception
of wideband downstream DOCSIS transmissions;

processing incoming frames to be sent downstream to each particular
cable modem in a frame distributor to schedule the distribution of frames to the
various CMTS transmitters transmitting on the downstream channels to which
the CM is tuned so as to meet quality of service requirements, add sequence
numbers or do anything else to guarantee the frames can be put into the proper
order at the receiver side and distribute the frames to the transmitters;

transmitting the released frames addressed to a particular cable modem to
that cable modem on the downstream channels to which said cable modem has been

instructed to tune.

2. The process of claim 1 wherein said frame distributor guarantees that the
transmitted frames can be placed in the proper order after reception by adding a .
sequence number to each frame of an [P flow such that different frames of the same IP
flow can be transmitted on different downstream channels at different times or with

different latencies and the frames can still be put in the proper order at a receiver.

3. The process of claim 1 wherein said frame distributor guarantees that the
transmitted frames can be placed in the proper order after reception by restricting
fransmission of frames from each [P flow to be sent to a CM to transmission on one

downstream channel.

4. The process of claim 1 wherein said CMTS also:

receives upstream bandwidth requests from the various CMs so that said
CMTS knows how much upstream traffic there is from each CM, and determines
how much downstream traffic there is to each CM irom the information the frame

distributor is receiving from the router;
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schedules transmission of downstream frames for each IP flow to a
particular CM using a Quality of Service algorithm so as to at least meet
guaranteed and committed bit rates of constant bit rate and variable bit rate with
committed portion IP flows;

schedules transmission of upstream frames for each IP flow from a
particular CM using a Quality of Service algorithm so as to at least meet
guaranteed and committed bit rates of constant bit rate and variable bit rate with
committed portion 1P flows and so as to fulfill as much as possible the bandwidth
requests;

generates and transmits MAP messages and UCD messages for each DOCSIS
upstream with the grants in the MAP messages allowing simultaneous upstream
transmissions on different DOCSIS upstreams from each wideband capable CM so
as to implement upstream wideband DOCSIS operations;

releases downstream frames to the various downstream transmitters for
the various IP flows addressed to each particular CM at the appointed times per
the schedule so as to implement wideband DOCSIS downstream transmissions to
wideband capable CMs;

receives upstream wideband DOGSIS frames from various CMs, verifies
that all the frames are present in each IP flow from each CM, and puts the frames

in the proper order and delivers the frames for further processing.

5. The process of claim 1 further comprising the steps in each cable modem of:

powering up or rebooting and searching for and locking onto a DOCSIS
downstream; '

ranging using the DOCSIS upstream associated with the DOCSIS
downstream to which the cable modem locked, and régistering with the CMTS as a
CM on the system;

sending information to the CMTS indicating how many tuners the CM has
which are capable of use in downstream wideband DOCSIS;

receiving an ECE message from said CMTS indicating how many and which
downstream channels will be used for wideband DOCSIS transmissions to said CM
and responding thereto by tuning a tuner of said CM to each of the downstream
channels designated in said ECE message;

receiving wideband downstream DOCSIS frames simuitaneously
transmitted on two or more downstream channels designated by said ECE message

and verifying that all frames have been received;
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putting said received frames into the proper order, and delivering said

frames to a peripheral device coupled to said CM for further processing.

6. The process of claim 5 further comprising the following steps:

checking to determine if any new ECE messages have arrived from said
CMTS;

if a new ECE message has arrived, determining whether said ECE message
adds or drops any downstream channels;

if said ECE message adds a downstream DOGCSIS channel, tuning one or
more tuners to the newly designated channels and performing ranging on each
newly designated DOCSIS downstream using a DOCSIS upstream associated
therewith;

sending an acknowledge message indicating success or failure in ranging
on each newly enabled DOCSIS downstream;

starting wideband DOCSIS operations on any newly acquired downstreams;

if a new ECE message has arrived that drops a DOCSIS downstream
channel, dropping the specified channel and continue DOCSIS downstream

operations on any remaining DOCSIS downstreams.

7. The process of claim 1 wherein said step of processing incoming frames to be
sent downstream to each particular cable modem in a frame distributor to schedule the
distribution of frames is done in using the following steps:

determining the particular downstreams to which each wideband DOCSIS CM is
tuned using the registration data and data from transmitted ECE messages and determine
the particular IP flows directed to each wideband CM from header data in packets
received from a router;

verify which downstreams to which a particular CM is tuned and which has an [P
flow to be sent to it are available for transmission and determine the quality of service
requirement of each IP flow;

schedule the guraranteed portions of contant bit rate flows and the committed
portions of variable bit rate flows on available downstream DOCSIS channels to which
CMs are tuned which have IP flows with quality of service requirements which are
constant bit rate or variable bit rate flows with guaranteed portions;

generate frame release signals and release and transmit frames at the scheduled

times on the appropriate downstream DOCSIS channels to fulfil said guaranteed bit rates
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of constant bit rate QoS IP flows and to fulfil cohmitted bit rate portions of variable bit
rate QoS IP flows; and

for any wideband downstream CMs which have [P flows directed thereto with
other than guaranteed bit rate Qos IP flows or variable bit rate QoS [P flows with
committed portions, use any times on DOCSIS downstreams to which said CMs are tuned
when no releases of frames to said CM or other CMs are scheduled or when there is no
traffic to release frames directed to said CMs which have IP flows directed thereto with
other than guaranteed bit rate Qos IP flows or variable bit rate QoS IP flows with

committed portions.

8. A process carried out in a cable modem (CM) during wideband DOCSIS
downstream processing, comprising the steps:

powering up and locking onto a DOCSIS downstream and performing
DOCSIS ranging including ranging and equalization and receiving time, frequency,
phase and power offsets in a messages from a cable modem termination system
(CMTS);

sending an acknowledgement message if said ranging was successful and
registering with said CMTS as a CM in the system, said registration message
including data regarding the wideband DOCSIS capability of said CM;

receiving an Extended Channel Enable (ECE) message from said CMTS that
indicates which DOCSIS downstreams said CM should get ready to receive
wideband DOCSIS data upon, and reacting thereto by setting up a plurality of
DOCSIS receivers to receive data on the DOCSIS downstream messages designated
in said ECE message;

receiving a plurality of frames or packets transmitted simultaneously on
a plurality of DOCSIS channels representing one or more IP flows;

verifying that all packets or frames have been received that are supposed
to be received; and

putting said frames or packets into the correct order and delivering said

frames or packets for further processing.

9. A process for performing wideband DOCSIS transmissions upstream from a
cable modem (CM) which is part of a plurality of cable modems coupled to a cable modem

termination system (CMTS) via a shared transmission medium, comprising the steps:
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broadcasting from said CMTS a plurality of Upstream Channel Descriptor
(UCD) messages, each of which defines the frequency, symbol rate, modulation
type and other parameters of a DOCSIS upstream identified in said UCD message;

after a CM has locked onto a downstream and sent a ranging burst, the
CMTS makes measurements and performs equalization convergence and sends one
or more messages downstream to said CM which give it time, frequency and power
offsets and upstream equalization coefficients;

after the CM has successfully ranged and sent an acknowledgment thereof
and sent a registration message which advertises its capabilities, the CMTS
receives these messages and stores at least some of the data therein indicating the
CM’s wideband capabilities and determines whether the CM is wideband capable;

the CMTS receives upstream bandwidth requests from the CMs and uses
registration data to determine which CMs are upstream wideband DOCSIS capable
and determines how many upstream channels each CM which has requested
upstream bandwidth can simultaneously transmit upon;

the CMTS analyzes the requested upstream traffic and registration and
subscription data and determines which upstream channels to assign to which
CMs for upstream wideband DOCSIS operation;

the CMTS uses a quality of service algorithm to schedule upstream grants
for each IP flow from each CM and generates separate MAP messages for each
DOCSIS upstream a CM is scheduled to use for upstream wideband DOCSIS, each
MAP message scheduling when the CM or CMs having grants in the MAP message
may transmit on the DOCSIS upstream to which the MAP message pertains;

the CMTS uses the grants in the MAP messages to determine which CMs
that are wideband DOCSIS capable need to use multiple upstream DOCSIS
channels, and sends an ECE message to each CM which is being authorized to send
upstream wideband DOCSIS transmissions, each ECE message designating which
upstream DOCSIS channels the CM may use and sends the MAP messages;

after the CMs which have been enabled for upstream wideband DOCSIS
have transmitted data according to the MAP, ECE and UCD messages, the CMTS
receives all frames and passes them to a frame collector which makes sure all

frames are there and puts them into the correct order for delivery.

10. The process of claim 9 further comprising the steps performed in the CM of:
powering up, finding a DOCSIS downstream and locking onto it, and using a

DOCSIS upstream to perform conventional DOCSIS ranging including ranging and
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equalization and sending an acknowledgment message indicating whether or not
ranging has been successful, and sending a registration message to said CMTS
which advertises the CM’s wideband upstream DOCSIS capabilities;

receiving a plurality of Upstream Channel Descriptor (UCD) messages,
each of which describes the frequency, symbol rate, modulation type and other
parameters of a DOCSIS upstream;

receiving requests from user applications to send data upstream and
responding thereto by sending upstream bandwidth requests;

receiving an Extended Channel Enable message which indicates which
upstream DOCSIS channels to use for wideband DOCSIS upstream operations, and
receiving a plurality of MAP messages, each pertaining to a single DOCSIS
upstream channel and defining when said CM may transmit on said channel;

setting up the transmitters of said CM to transmit on the upstream DOCSIS
channels designated in said ECE messages, and timing the transmission of
upstream data on the designated channels per grants in said MAP messages

pertaining to said channels.

11. A cable modem apparatus comprising:

a plurality of DOCSIS transmitters, each having an input;

a frame distributor having a plurality of outpuis coupled to said inputs of
said transmitters and having an input;

a plurality of DOCSIS receivers having inputs for coupled to a hybrid
fiber coaxial cable system and a plurality of outputs;

a frame collector having a plurality of inputs ‘coupled to said plurality of
outputs of said plurality of DOCSIS receivers and structured to perform the
following steps and having an output;

a network interface or bus interface having an input coupled to said output
of said frame collector and having an output coupled to said frame distributor; and

control computer coupled to said plurality of DOCSIS transmitters and
said plurality of DOCSIS receivers and said frame distributor and said frame
collector and programmed to orchestrate coordination of said circuits of said
cable modem to perform the following functions:

powering up, finding a DOCSIS downstream and locking onto it, and
using a DOCSIS upstream to perform conventional DOCSIS ranging
including ranging and equalization and sending an acknowledgment message

indicating whether or not ranging has been successful, and sending a
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registration message to said CMTS which advertises the CM’s wideband
upstream DOCSIS capabilities;

receiving a plurality of Upstream Channel Descriptor (UCD)
messages, each of which describes the frequency, symbol rate, modulation
type and other parameters of a DOCSIS upstream;

receiving requests from user applications to send data upstream
and responding thereto by sending upstream bandwidth requests;

receiving an Extended Channel Enable message which indicates
which upstream DOCSIS channels to use for wideband DOCSIS upstream
operations, and receiving a plurality of MAP messages, each pertaining to
a single DOCSIS upstream channel and defining when said CM may
transmit on said channel;

setting up the transmitters of said CM to transmit on the upstream
DOCSIS channels designated in said ECE messages in accordance with the
parameters in the UCD message pertaining to the appropriate upstream
channel, and timing the transmission of upstream data on the designated

channels per grants in said MAP messages pertaining to said channels.

12. The apparatus of claim 11 wherein said control computer is also programmed

to orchestrate coordination of said circuits of said cable modem to perform the following

functions:

receiving an Extended Channel Enable (ECE) message from said CMTS that

indicates which DOCSIS downstreams said CM should get ready to receive

wideband DOCSIS data upon, and reacting thereto by setting up a plurality of

DOCSIS receivers to receive data on the DOCSIS downstream messages designated

in said ECE message;

receiving a plurality of frames or packets transmitted simultaneously on

a plurality of DOCSIS downstream channels representing one or more IP flows;

verifying that all packets or frames have been received that are supposed

o be received; and

putting said frames or packets into the correct order and delivering said

frames or packets for further processing.

13. A cable modem termination system capable of wideband DOCSIS operation,

comprising:



o N O 0o~ W

11
12
13
14
15

16

17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

WO 2004/107634 PCT/US2004/015183

37

a plurality of DOCSIS transmitters each having an output for coupling to a
hybrid fiber coaxial (HFC) cable system, and each having an input;

a frame distributor having an input and having a plurality of outputs,
each said output coupled to an input of one of said DOCSIS transmitters, and
having an input;

a plurality of DOCSIS receivers, each having an input for coupling to said
HFC system, and each having an output;

a frame collector having a plurality of inputs each coupled to an output of
one of said DOCSIS receivers and having an output;

a router having an input coupled to said output of said frame collector and
having an output coupled to said input of said frame distributor; and

a control computer coupled to said plurality of DOCSIS transmitters and
receivers and to said frame distributor and to said frame collector and to said
router, and programmed to orchestrate said circuitry in said cable modem
termination system to perform the following functions:

receiving registration message data from said CMs and determining
therefrom which cable modems are wideband DOCSIS downstream capable
and how many downstream channels each can simultaneously use;

sending an extended channel enable message to each wideband
capable cable modem telling it which downstream channels to which it
should tune for reception of wideband downstream DOCSIS transmissions;

processing incoming frames from said router to be sent
downstream to a particular CM in a frame distributor to schedule the
distribution of frames to the various CMTS downstream transmitters
transmitting on the downstream channels to which said CM is tuned so as
to meet quality of service requirements, and adding sequence numbers or
or other processing to guarantee the frames can be put into the proper
order at the CM, and distributing the frames to said CMTS downstream
transmitters in accordance with said schedule;

transmitting the released frames addressed to a particular CM to
that CM on the downstream channels to which said CM has been instructed

to tune.
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/98

WIDEBAND DOCSIS CAPABLE CM POWERS UP AND

SEARCHES FOR AND LOCKS ONTO A SINGLE DOCSIS

DOWNSTREAM

v /’100

CM RANGES USING A DOCSIS UPSTREAM
ASSOCIATED WITH THE DOCSIS DOWNSTREAM
TO WHICH IT LOCKED

‘ /‘102

\

(

CM SENDS AN UPSTREAM REGISTRATION REQUEST h
MESSAGE ON THE DOCSIS UPSTREAM UPON
COMPLETION OF RANGING AND INCLUDES DATA
THEREIN IN A NEW MODEM CAPABILITIES FIELD
WHICH ADVERTISES THE CM'S WIDEBAND DOCSIS
CAPABILITY AND INDICATES HOW MANY
DOCSIS DOWNSTREAMS THE CM CAN
SIMULTANEOUSLY USE (CAN ADVERTISE UPSTREAM
CAPABILITY AND OTHER CAPABILITIES ALSO) )

l /1 04

[

\—

CMTS REGISTERS THE CABLE MODEM IN THE NORMAL\
WAY AND SENDS A NEW EXTENDED CHANNEL ENABLE
MESSAGE DOWNSTREAM TO THE CM THAT JUST
REGISTERED INSTRUCTING CM TO ENABLE OR
DISABLE WIDEBAND DOCSIS CAPABILITY, AND
SPECIFYING FREQUENCIES AND OTHER OPERATING
PARAMETERS OF AT LEAST THE DOCSIS
DOWNSTREAMS TO WHICH THE CM SHOULD TUNE
FOR WIDEBAND DOCSIS OPERATION IF ENABLED

J

‘ [106

vEs ———— WIDEBAND DOCSIS ENABLED? >N

FIG. 5A
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FROM FIG. 5A

* [108

(" CM TUNES ITS OTHER TUNERS )
TO THE ONE OR MORE
ADDITIONAL DOCSIS
DOWNSTREAMS DESIGNATED

BY THE CMTS IN ECE-REQ MSG, [*]
AND LOCKS ONTO THEM AND
PERFORMS RANGING USING THE
ASSOCIATED UPSTREAM OF
\_ EACH SUCH DOWNSTREAM

l 112 ADD
N

( CM SENDS ACKNOWLEDGE
MESSAGES INDICATING SUCCESS
OR FAILURE IN RANGING ON
EACH NEWLY ENABLED
DOWNSTREAM AND START
WIDEBAND DOCSIS OPERATIONS
\WITH ACQUIRED DOWNSTREAMS

PCT/US2004/015183

r

-

SINGLE DOCSIS CHANNEL |
EXCHANGES WITH CMTS TO

REQUESTED DATA, VIDEO

FROM FIG. 5A
* /1 10
~\
CM CARRIES OUT
CONVENTIONAL

SUPPLY USER WITH

PROGRAMMING, ETC. )

NEW EXTENDED CHANNEL
ENABLE MESSAGE RECEIVED

NO
l< 114

FROM CMTS”

{YES /1 16

e

l [122

OPTIONAL: ECE-REQ MSG
REQUEST ENABLING ONE OR
MORE ADDITIONAL
UPSTREAMS?

]

YES

* / 124 NO

PERFORM RANGING ON EACH
REQUESTED UPSTREAM AND
SEND SUCCESS MSG TO CMTS
FOR EACH SUCCESSFULLY
ACQUIRED NEW UPSTREAM

/126

(COMMENCE OPERATIONS ON NEWLY )
ACQUIRED UPSTREAMS AND
CONTINUE TO PERFORM WIDEBAND

\DD OR DROP CHANNELS?,

DROP

118
/

SPECIFIED CHANNELS

C DROP CHANNELS

l /1 20

CONTINUE OPERATION
ON SPECIFIED CHANNELS
TILL POWER DOWN OR

REBOOT (RETURN TO
TOP ON REBOOT)

DOCSIS OPERATIONS ON
PREVIOUSLY ACQUIRED

DOWNTREAMS UNTIL POWER
DOWN OR REBOOT (RETURN TO TOP
9 ON REBOOT) D

FIG. 5B

k127
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CMTS FRAME DISTRIBUTOR OR CONTROL CPU EXAMINES
REGISTRATION MESSAGE DATA AND DETERMINES WHICH
CMS ARE WIDEBAND CAPABLE AND HOW MANY TUNERS
EACH CM HAS

/130

CMTS SENDS A DOWNSTREAM ECE-REQ MESSAGE TO EACH CM
THAT IS WIDEBAND CAPABLE AND WHICH HAS A SUBSCRIPTION
LEVEL INGLUDING WIDEBAND DOCSIS SERVICE, THE ECE
MESSAGE DESIGNATING WHICH DOWNSTREAM CHANNELS
~"TO USE FOR WIDEBAND DOCSIS OPERATIONS AND

SPECIFYING THE PARAMETERS OF EACH CHANNEL

1 o

CONTROL CPU AND/OR CMTS FRAME DISTRIBUTOR RECEIVES
INCOMING PACKETS FROM THE ROUTER OR BRIDGE AND -
USES ADDRESS INFORMATION THEREIN TO DETERMINE TO
WHICH CM EACH PACKET MUST BE SENT

l /134

( CONTROL CPU AND/OR CMTS FRAME DISTRIBUTOR, USING A
QUALITY OF SERVICE ALGORITHM, DISTRIBUTES PACKETS FOR
DOWNSTREAM TRANSMISSION ACCORDING TO A SCHEDULE
DICTATED BY THE QUALITY OF SERVICE ALGORITHM AND
PRESERVES THE ORDER WITHIN EACH IP FLOW. THIS CAN
BE DONE BY EITHER SENDING ALL PACKETS FROM A SINGLE
IP FLOW TO THE CM TO WHICH THEY MUST BE SENT VIA A
SINGLE DOWNSTREAM CHANNEL OR BY ADDING SEQUENCE
NUMBERS TO A NEW EXTENDED HEADER FIELD OF THE
MAC FRAME HEADERS OF THE MAC FRAMES CARRYING DATA
THE CM REQUESTED, AND SENDS ALL THE NUMBERED
PACKETS FROM THE SAME IP FLOW OVER THE AGGREGATED
BANDWIDTH OF THE MULTIPLE DOWNSTREAMS TO WHICH

\_ THE CM IS TUNED )

'

TO FIG. 6B

J

FIG. 6A
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FROM FiG. 6A

/136

CM RECEIVES AND RECOVERS MAC FRAMES FROM
EACH WIDEBAND DOCSIS CHANNEL AND SENDS
ALL TO FRAME COLLECTOR

l /138

FRAME COLLECTOR ELIMINATES MAC FRAMES
NOT ADDRESSED TO THIS CM AND OPTIONALLY, MAKES
SURE THAT ALL FRAMES ADDRESSED TO THIS CM
HAVE BEEN RECEIVED

l /-140

FRAME COLLECTOR PUTS THE MAC FRAMES
RECEIVED FROM THE CMTS INTO THE PROPER
ORDER AND SENDS TO NETWORK INTERFACE

FIG. 6B
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/150
146 _»| RECEIVER A ON CHANNELS 1,2
142 ~ 144 :
» CHANNEL 1
CMTS > LOGICAL
CHANNEL 2 | CHANNELS =
TRANS%’"TTER —» CHANNEL 3 [ DOCSIS
® CHANNEL 4 /] DOWNSTREAMS
HFC j L » "\/
DOWNSTREAM RECEIVER B ON CHANNEL 4 162
MEDIA
148 L »{ RECEIVER C ON CHANNELS 3,4 [\__- 154
——» RECEIVER D ON CHANNELS 1,2,3,4 [\~ 156
158 \v /—\ 160 ’/\ 162
FLOW ID FROM->TO CHARACTERISTICS
F-TA-1 T->A BEST EFFORT, PEAK=pA1
f-TA-2 T->A CONSTANT RATE, RATE=rA2
f-TA-3 T->A CONSTANT RATE, RATE=rA3
F-TB-1 T->B VARIABLE RATE, RATE=rB71 PEAK=pB1
F-1B-2 T->B BEST EFFORT, PEAK=pB2
f-TC-1 T->C CONSTANT RATE, RATE=rC1
F-TD-1 T->D BEST EFFORT, PEAK=pD1
F-TD-2 T->D BEST EFFORT, PEAK=pD2
f-TD-3 T->D VARIABLE RATE, RATE=rD3 PEAK=pD3

FIG. 8
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QUALITY OF SERVICE ALGORITHM

/180

GATHER DATA: FOR EACH CM WHICH JOINS THE TRUNK,
DETERMINE HOW MANY LINKS OR DOWNSTREAM
CHANNELS THE CM CAN SIMULTANEQUSLY TUNE

v /182

DETERMINE PARTICULAR LINKS FOR EACH CM AND UPDATE
DATABASE: FOR EACH FLOW TO A PARTICULAR CM, DETERMINE
WHICH POSSIBLE LINKS THE FLOW'S FRAMES CAN BE SENT ON

BASED ON THE CM'S REGISTRATION DATA, AND ADD THE
PARAMETERS OF EACH LINK TO THE FLOW DATABASE

l - 184

PREPARE TO SCHEDULE: CHECK TO VERIFY THAT LINKS ARE
AVAILABLE TO WHICH A CM IS TUNED WHICH HAS AN
ALLOCATION OF DATA TO BE SENT VIA A CONSTANT BIT RATE
WITH A GUARANTEED PORTION OR A VARIABLE BIT RATE WITH
A COMMITTED PORTION

l /-1 86

SCHEDULE GUARANTEED PORTIONS ON AVAILABLE LINKS:
SCHEDULE GUARANTEED PORTION OF ALLOCATION TO
A CM WHICH HAS A FLOW HAVING CONSTANT BIT RATE
OR A VARIABLE BIT RATE WITH A COMMITTED PORTION

ON AVAILABLE LINKS TO CM

f 190

(IN REAL TIME, FORWARD FRAME ACCORDING TO SCHEDULE\
GENERATED IN PREVIOUS STEP. IF THERE IS NO FLOW
SCHEDULED TO THIS POINT IN TIME EITHER BECAUSE NO
SCHEDULING HAS BEEN DONE OR THE FLOW SCHEDULED
HAS NO TRAFFIC, THEN PEAK A CONFORMING FLOW (BEST
EFFORTS OR NON GUARANTEED PORTION OF VARIABLE BIT
RATE) BY SENDING SUITABLE FRAME RELEASE SIGNALSJ

\

FIG. 10
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UPSTREAM WIDEBAND DOCSIS PROTOCOL

f192

CMTS FREQUENTLY BROADCASTS UCD MESSAGES EACH ONE OF
WHICH DEFINES THE FREQUENCY, SYMBOL RATE, MODULATION TYPE
AND OTHER PARAMETERS OF ONE OF A PLURALITY OF UPSTREAM
DOCSIS CHANNELS

‘ ' / 194
CM POWERS UP, LOCKS ONTO A DOWNSTREAM, TRAINS USING THE
UPSTREAM ASSOCIATED WITH THE DOWNSTREAM, AND REGISTERS
USING THE UPSTREAM AND SENDS DATA TO CMTS INDICATING HOW

MANY TUNERS IT HAS THAT CAN BE USED FOR SIMULTANEOUS
TRANSMISSIONS IN WIDEBAND UPSTREAM DOCSIS

l /196

CM RECEIVES REQUESTS FROM USER APPLICATIONS AND
SENDS UPSTREAM BANDWIDTH REQUEST MESSAGES IN
NORMAL DOCSIS FASHION

l /198

CMTS RECEIVES UPSTREAM BANDWIDTH REQUESTS AND USES
REGISTRATION DATA TO DETERMINE WHICH CMS ARE WIDEBAND
DOCSIS CAPABLE FOR UPSTREAM AND DETERMINES HOW MANY

TUNERS EACH WIDEBAND CAPABLE CM HAS

l / 200

(" CMTS USES QUALITY OF SERVICE ALGORITHM TO SCHEDULE )
UPSTREAM GRANTS FOR EACH [P FLOW FROM EACH CM AND
GENERATES A SEPARATE MAP MESSAGE FOR EACH DOCSIS

UPSTREAM A CM IS SCHEDULED TO USE FOR UPSTREAM
WIDEBAND DOCSIS. EACH MAP MESSAGE SCHEDULES WHEN

THE CMS HAVING GRANTS IN THE MAP MESSAGE MAY TRANSMIT
ON THE UPSTREAM CHANNEL TO WHICH THE MAP MESSAGE

\_ PERTAINS D

l

TOFIG. 11B

FIG. 11A
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FROM FIG. 11A

f 202

(" CMTS GENERATES AND SENDS ECE-REQ MESSAGE TO )
EACH CM WHICH HAS BEEN SCHEDULED FOR WIDEBAND
DOCSIS UPSTREAM TRANSMISSIONS INDICATING HOW
MANY AND WHICH UPSTREAMS TO ENABLE (TUNE TUNERS
TO AND SET UP TRANSMISSION PARAMETERS PER INFO IN
UCD MESSAGES) AND SENDS MAP MESSAGES FOR EACH

\_ UPSTREAM
/ 204

CM RECEIVES ECE MESSAGE AND MAP MESSAGES AND
DETERMINES THAT UPSTREAM WIDEBAND DOCSIS HAS
BEEN AUTHORIZED BY THE CMTS.

/206
(" SETS TUNERS AND TRANSMIT PARAMETERS PERUCD )
MESSAGES FOR EACH UPSTREAM CHANNEL TO BE USED
AND TRANSMITS SIMULTANEOUSLY ON AUTHORIZED
UPSTREAM CHANNELS AT TIMES SPECIFIED IN MAP
MESSAGES. FRAME DISTRIBUTOR DISTRIBUTES FRAMES
TO UPSTREAM CHANNELS AND ADDS SEQUENCE NUMBERS
OR RESTRICTS ALL FRAMES FROM ONE IP FLOW TO
ONE UPSTREAM CHANNEL y

[ 208

CMTS RECEIVES ALL FRAMES FROM CM ON ALL UPSTREAM
CHANNELS BEING USED AND PASSES THEM TO FRAME
COLLECTOR
) / 210

FRAME COLLECTOR MAKES SURE ALL FRAMES ARE
PRESENT AND PUTS THEM INTO ORDER USING SEQUENCE
NUMBERS OR A FIFO PER IP FLOW
/ 212

[ FRAME COLLECTOR OUTPUTS FRAMES OF ALL IP ] -

.

FLOWS IN PROPER ORDER FOR FURTHER
PROCESSING BY CMTS

FIG. 11B
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