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FIG. 15

transmitter comprises a plurality of n resistance elements and a plurality of
difterential signal drivers. A first end of each of the resistance elements is
coupled at a common node, where n is an integer value and is the number
of conductors used to transmit a plurality of differential signals. Each dit-
ferential signal driver may include a positive terminal driver and a negat-
ive terminal driver. The positive terminal driver is coupled to a second
end of a first resistance element while the negative terminal driver is
coupled to a second end of a second resistance element. The positive ter-
minal driver and the negative terminal driver are separately and independ -
ently switchable to provide a current having a magnitude and direction.
During a transmission cycle each of the resistance elements has a current
of a different magnitude and/or direction than the other resistance ele-
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EFFICIENT N-FACTORIAL DIFFERENTIAL SIGNALING TERMINATION
NETWORK

Field
[0001] The present disclosure pertains to power-efficient termination networks for

transmitting differential signals over a plurality of conductors.

Background

[0002] In multi-signal data transfer, differential signaling is sometimes used to
transmit information by sending complementary signals on two paired wires/conductors,
where the information is conveyed by the difference between the paired
wires/conductors.

[0003] FIG. 1 illustrates a typical differential signaling system. A transmitter
device 102 may include a plurality of drivers 108, each driver 108 coupled to a pair of
wires/conductors 106a/106b, 106¢/106d, and 106e/106f. A receiver device 104 may
include a plurality of receivers 110, each receiver 110 coupled to one of the pair of
wires/conductors 106a/106b, 106¢/106d, and 106e/106f. A resistance R 120 may be
present between each pair of wires/conductors 106a/106b, 106¢/106d, and 106e/106f.
The transmitter device 102 receives input bits 118, encodes them into differential
signals, and transmits them to the receiver device 104 via each pair of wires/conductors
106a/106b, 106¢/106d, and 106e/106f. The receiver device 104 receives the differential
signals via each pair of wires/conductors 106a/106b, 106¢/106d, and 106e/106f,
decodes the differential signals, and provides output bits 120. In this typical differential
signaling system, n wires and n/2 drivers/receivers are used and are capable of

representing up to 22)

states (or n/2 bits) per cycle.

[0004] FIG. 2 further illustrates the transmission of differential signals across the
pair of wires/conductors 106a/106b, 106¢/106d, and 106¢/106f of FIG. 1. As can be
appreciated, a total of eight (8) states 202 may be possible using six (6) wires under this
traditional differential signaling system.

[0005] However, it would be desirable to improve on the traditional differential

signaling approach to provide even more states per line using a differential signaling

system while also conserving power where possible.
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SUMMARY
[0006] A first aspect provides a termination network circuit for a differential signal
transmitter. The termination network circuit includes a plurality of n resistance
elements and a plurality of differential signal drivers. A first end of each of the
resistance elements are coupled at a common node, where n is an integer value (e.g., n
=> 3) and is also the number of conductors used to transmit a plurality of differential
signals. In one example, all resistance elements have the same resistance value.
[0007] Each differential signal driver may include a positive terminal driver and a
negative terminal driver. The positive terminal driver may be coupled to a second end
of a first resistance element while the negative terminal driver may be coupled to a
second end of a second resistance element. The positive terminal driver and the
negative terminal driver are separately and independently switchable to provide a
current having a magnitude and direction. In one example, the only electrical path
between the plurality of differential signal drivers is through the plurality of n resistance
elements and the common node.
[0008] In one implementation, during a transmission cycle of the plurality
differential signals each of the n resistance elements has a current of a different
magnitude and/or direction than the other resistance elements. The combination of all
differential signals over the n resistance elements during a transmission cycle has a non-
zero voltage differential.
[0009] In one example, the differential signals may be generated from a subset of
raw symbols selected from a plurality of possible raw symbols, the subset of raw
symbol equaling n! states that generate a non-zero voltage differential at the termination
network circuit.
[0010] According to one feature, one of the positive terminal driver and negative
terminal driver is selectively shut off to eliminate current cancellations across a
resistance element.
[0011] In some implementations, each of the positive/negative terminal driver
includes a plurality of switchable circuits, each switchable circuit independently
controlled from other switchable circuits in the same positive/negative terminal driver.
[0012] Each switchable circuit includes a first switch that causes current to flow out
of a corresponding positive/negative terminal driver, and a second switch that causes

current to flow into the corresponding positive/negative terminal driver.
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[0013] In one example, the plurality of switchable circuits may include a first
switchable circuit that provides a first current flow to/from the corresponding terminal
and a second switchable circuit that provides a second current flow to/from the
corresponding terminal. The second current flow may be of different magnitude but
same direction as the first current flow. The second current flow may be an integer
multiple of the first current flow. The plurality of switchable circuits may further
include a third switchable circuit that provides a third current flow to/from the
corresponding terminal, where the second current flow is a fixed increment from the
first current flow, and the third current flow is the same fixed increment from the second
current flow. In some instances, the magnitude and/or number of switchable circuits
may be a function of the number of conductors used.

[0014] Another aspect provides a method for conserving power in a termination
network for differential signaling. A first end of a plurality of n resistance elements are
coupled together at a common node, where n is an integer value (e.g., n => 3) and is
also the number of conductors used to transmit a plurality of differential signals. Each
of a plurality of differential signal drivers may be split into a positive terminal driver
and a negative terminal driver. The positive terminal driver is coupled to a second end
of a first resistance element. The negative terminal driver is coupled to a second end of a
second resistance element, wherein the positive terminal driver and the negative
terminal driver are separately and independently switchable to provide a current having
a magnitude and direction. In some examples, all resistance elements may have the
same resistance value. During a transmission cycle of the plurality differential signals
each of the n resistance elements has a current of a different magnitude and/or direction
than the other resistance elements. Additionally, the combination of all differential
signals over the n resistance elements during a transmission cycle has a non-zero
voltage differential. In one example, the differential signals are generated from a subset
of raw symbols selected from a plurality of possible raw symbols, the subset of raw
symbol equaling n! states that generate a non-zero voltage differential at the termination
network circuit.

[0015] According to one feature, one of the positive terminal driver and negative
terminal driver is selectively shut off to eliminate current cancellations across a
resistance element. In some instances, the only electrical path between the plurality of
differential signal drivers is through the plurality of n resistance elements and the

common node.
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[0016] In some implementations, each of the positive/negative terminal driver may
include a plurality of switchable circuits, each switchable circuit independently
controlled from other switchable circuit in the same positive/negative terminal driver.
Each switchable circuit may include a first switch that causes current to flow out of a
corresponding positive/negative terminal driver, and a second switch that causes current
to flow into the corresponding positive/negative terminal driver. The plurality of
switchable circuits may include a first switchable circuit that provides a first current
flow to/from the corresponding terminal and a second switchable circuit that provides a
second current flow to/from the corresponding terminal. The second current flow may
be of different magnitude but same direction as the first current flow. The plurality
of switchable circuits may further include a third switchable circuit that provides a third
current flow to/from the corresponding terminal, where the second current flow is a
fixed increment from the first current flow, and the third current flow is the same fixed

increment from the second current flow.

DRAWINGS
[0017] Various features, nature and advantages may become apparent from the
detailed description set forth below when taken in conjunction with the drawings in
which like reference characters identify correspondingly throughout.
[0018] FIG. 1 illustrates a typical differential signaling system.
[0019] FIG. 2 further illustrates the transmission of differential signals across the
pair of wires/conductors of FIG. 1.
[0020] FIG. 3 illustrates an N-factorial differential signaling system.
[0021] FIG. 4 illustrates the progressive adaptation of a six (6) wire/conductor
traditional differential signaling system into a three (3) wire/conductor system by using
an triangle termination network.

(Y%
T

[0022] FIG. 5 illustrates how the equivalent resistance may be obtained for the
triangle termination network.

[0023] FIG. 6 illustrates how an equivalent star termination network may be
obtained from a triangular termination circuit.

[0024] FIG. 7 illustrates a star termination network equivalent to the termination
network in FIG. 4.

[0025] FIG. 8 illustrates the operation of the star termination network in FIG. 7 to

generate various signal states depending on the inputs at the transmission drivers.
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[0026] FIG. 9 illustrates how the 3-wire star termination network of FIG. 7 may be
expanded to a 4-wire tetrahedron termination network.

[0027] FIG. 10 illustrates the possible flow of a unitary current among the different
nodes and resistances for each differential driver of the tetrahedron termination network
of FIG. 9.

[0028] FIG. 11 illustrates a table of the possible unitary current flows across each
termination resistance R of the tetrahedron termination network of FIG. 9.

[0029] FIG. 12 (comprising FIGS. 12A and 12B) is a table showing the various
combinations of raw symbols and those symbols having zero differential voltage for a
4-wire tetrahedron termination network.

[0030] FIG. 13 is a table showing the valid raw symbols from the table in FIG. 12
having a non-zero differential voltage for the 4-wire tetrahedron termination network.
[0031] FIG. 14 are two tables comparing the efficiency with which information may
be transmitted using a traditional differential signaling approach and a N-factorial
differential signaling approach.

[0032] FIG. 15 illustrates current interactions between two drivers for a triangle
termination network 1502 (e.g., n=3).

[0033] FIG. 16 illustrates current interactions between the two drivers for the
triangle termination network of FIG. 15 but where the drivers are configured to
selectively turn off one of their terminals to conserve power.

[0034] FIG. 17 illustrates a typical differential driver circuits.

[0035] FIG. 18 illustrates how the differential driver in FIG. 17 may be divided into
separate driving circuits for each terminal (e.g., positive and negative terminals).

[0036] FIG. 19 illustrates the transformation of a driver circuit for a termination
network for improved power efficiency.

[0037] FIG. 20 illustrates how each of the different pairings of positive and negative
terminal drivers may be combined into one driver.

[0038] FIG. 21 illustrates how power is saved by converting the driver circuit
portion to the combined driver termination circuit.

[0039] FIG. 22 illustrates a tctrahedron termination network for differential
signaling.

[0040] FIG. 23 illustrates a combined driver termination network equivalent to the
tetrahedron termination network of FIG. 9.

[0041] FIG. 24 illustrates an alternative to the combined drivers of FIG. 23.
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[0042] FIG. 25 illustrates another alternative to the combined drivers of FIG. 23.
[0043] FIG. 26 illustrates the use of combined drivers in a 5-factorial differential
signaling termination network.

[0044] FIG. 27 illustrates the use of combined drivers in a 6-factorial differential
signaling termination network.

[0045] FIG. 28 illustrates various examples of positive/negative termination drivers
for various N-factorial termination networks.

[0046] FIG. 29 illustrates the general approach of positive/negative termination
drivers for an N-factorial termination network.

[0047] FIG. 30 illustrates various examples of positive/negative termination drivers
for various N-factorial termination networks.

[0048] FIG. 31 illustrates the general approach of positive/negative termination
drivers for an N-factorial termination network for even and odd n (e.g., number of
wires/conductors used).

[0049] FIG. 32 is a flow diagram illustrating a method for conserving power in a

termination network for differential signaling,

DETAILED DESCRIPTION
[0050] In the following description, specific details are given to provide a thorough
understanding of the embodiments. However, it will be understood by one of ordinary
skill in the art that the embodiments may be practiced without these specific detail. For
example, circuits may be shown in block diagrams in order not to obscure the
embodiments in unnecessary detail. In other instances, well-known circuits, structures

and techniques may not be shown in detail in order not to obscure the embodiments.

Overview

[0051] A power efficient termination network for a differential signaling system is
provided. An n-factorial termination network for a differential signal transmitter and/or
receiver is optimized to eliminate unnecessary current flows that may occur between
differential drivers of a transmitter device. In one example, such optimization may
involve splitting a differential driver into positive and negative terminal drivers, and
then combining a positive terminal driver and a negative terminal driver from different
differential drivers. Because of such combination, unnecessary current flows within the

n-factorial termination network may be eliminated.
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N-Factorial Differential Signaling

[0052] FIG. 3 illustrates an N-factorial differential signaling system. A transmitter
device 302 may include a plurality of differential drivers 308 coupled to a d-to-n
interface 312, the d-to-n interface 312 coupled to a plurality of wires/conductors 306a,
306b, 306¢, and 306d. A receiver device 304 may include an n-to-d interface 314
coupled to the plurality of wires/conductors 306a, 306b, 306¢, and 306d and a plurality
of differential receivers 310. In this approach, an nxR termination network 316 may be
implemented by the drivers 308 and d-to-n interface 312 at the transmitter device 302
and the n-to-d interface 314 and receivers 310 at the receiver device 304, to more
efficiently transmit differential signals across the wires/conductors 306a, 306b, 306c,
and 306d. Note that as used and described herein, the term “termination network” refers
to an arrangement and/or configuration of resistance elements between drivers and/or
receivers, this “termination network™ is distinct from the characteristic impedance of a
conductor/wire and/or matching termination that is sometimes used along a
conductor/wire to avoid/minimize signal reflections. Consequently, the “termination
network™ is present on the driver/receiver side rather than the conductor/wire side.
[0053] The transmitter device 302 receives raw symbol inputs 318, encodes them
into differential signals, and transmits them to the receiver device 304 via a combination
of wires/conductors 306a, 306b, 306¢, and 306d. The receiver devices 304 receives the
differential signals via the wires/conductors 306a, 306b, 306¢c, and 306d, decodes the
differential signals, and provides raw symbol outputs 320.

[0054] In this termination network 316 differential signaling system, n wires are
used and are capable of transmitting up to n! states (or log, n! bits) per cycle. This is
significantly more efficient than the typical differential signaling system of FIGS. 1 and
2. For example, for a 6 conductor system, the typical differential signaling system of
FIGS. 1 and 2 can transmit 6/2 = 3 bits per cycle while the star terminal network
differential signaling system of FIG. 3 may transmit log, (6!) 9.49 bits per cycle.

[0055] FIG. 4 illustrates the progressive adaptation of a six (6) wire/conductor
traditional differential signaling system 402 into a three (3) wire/conductor system by
using an triangle termination network 406. Starting with the traditional differential
signaling system 402, conductors from different differential pairs are combined to
reduce the total wires/conductors used. Such combination, illustrated in the

combined/shorted circuit 404, may be performed by coupling or shorting 404 a
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wire/conductor from one differential pair with a wire/conductor from another
differential pair. The resulting combined/shorted circuit 404may be redrawn into a
triangle termination network 406. However, the resistances R 410a, 410b, and 410c¢ for
the different differential pairs is now replaced with equivalent resistances “r”” 408a,
408b, and 408c in the combined/shorted circuit 404 and the triangle termination
network 406.

(Y%
T

[0056] FIG. 5 illustrates how the equivalent resistance may be obtained for the
triangle termination network 406. A first circuit 502 illustrates the triangle driver
termination circuit portion of the termination network 406. A second circuit 504 shows
the first circuit 402 with the drivers Y 308b and Z 308c removed or open. A third
circuit 506 shows the second circuit 504 redrawn, with a first resistance r 408a in
parallel with series resistances 408b and 408c. A fourth circuit 508 shows the third
circuit 506 redrawn, with a single equivalent resistance 2/3 r 510.

[0057] FIG. 6 illustrates how an equivalent star termination network 612 may be
obtained from a triangular termination circuit 602. The triangular termination circuit
602 is equivalent to the first circuit 502 (FIG. 5) and the triangle termination circuit
portion of the triangle termination network 406 (FIG. 4). The conversion between
circuits 602, 604, 606, and 608 is equivalent to the conversion between circuits 502,
504, 506, and 508 of FIG. 5. It is apparent that the fourth circuit 508 and the circuit 608
are the same if 2/3 r = 2R or r = 3R. The star termination network 612 may be converted
to a second star termination circuit 610 by removing or opening the drivers Y 308b and
Z 308c.

[0058] FIG. 7 illustrates a star termination network 702 equivalent to the
termination network 406 in FIG. 4. From the circuit equivalence illustrated in FIGS. 5
and 6, the termination network 406 in FIG. 4 can be redrawn as the equivalent star
termination network 702. For each of the three differential drivers 308a, 308b, and
308c, the transmission of bits 1 (at driver X 308a), 0 (at driver Y 308b), and O (at driver
7 308c) is illustrated for common mode voltages -2, 0, and +2.

[0059] FIG. 8 illustrates the operation of the star termination network 702 in FIG. 7
to generate various signal states depending on the inputs at the transmission drivers. As
illustrated in the state diagram 804, each combination of inputs to drivers X 308a, Y
308b, and Z 308c generates a unique set of differential signals, except when all inputs
are 000 or 111. The input combinations 000 or 111 are considered invalid because they

produce a zero voltage differential and cannot be distinguished from each other at a
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receiver. The remaining combinations of inputs may be referred to as states +x, +y, +z,
-X, -y, and -z as illustrated in table 806.

[0060] The star termination network 702 can use a total of six (6) states: 001 (+z),
010 (+y), 100 (+x), 110 (-z), 101 (-y), 011 (-x), which can be transferred with only three
(3) wires/conductors. This is equivalent to log,6 =2.58 bits of information per cycle. In
comparison, traditional differential signaling can send only four (4) states: 00, 01, 10,
11; over four (4) wires/conductors. This is equivalent to log,4 = 2 bit of information per
cycle. Consequently, the star termination network 702 increases the amount of
information that is transmitted per wire/conductor used.

[0061] FIG. 9 illustrates how the 3-wire star termination network 702 of FIG. 7 may
be expanded to a 4-wire tetrahedron termination network 902. The tetrahedron
termination network 902 may be illustrated with four (4) vertices A, B, C, and D, with
cach vertex connecting one end of a termination resistance R 906a, 906b, 906¢, and
906d, while the other end of all termination resistances R are coupled together at a node
O. The six (6) edges of the tetrahedron termination network 902 may be defined from
the vertices lines AB, CD, AC, AD, CB, and DB. Each of these edges has one
differential driver 908a, 908b, 908c, 908d, 908e, and 908f (comprising a differential
transmitter or driver and a differential receiver or sink). Each termination resistance R is
coupled to three (3) of the differential drivers.

[0062] FIG. 10 illustrates the possible flow of a unitary current among the different
nodes and resistances for each differential driver 908a, 908b, 908c, 908d, 908e, and
908f of the tetrahedron termination network 902.

[0063] FIG. 11 illustrates a table 1102 of the possible unitary current flows across
each termination resistance R of the tetrahedron termination network 902 of FIG. 9. As
can be observed from the tetrahedron termination network 902, each termination
resistance R is coupled to three (3) drivers/sinks. Assuming a unitary current of +1 or -1
from each driver/sink, then table 1102 illustrates the possible net current flows for each
termination resistance R: +3, +1, -1, -3.

[0064] The input signals to the differential drivers 908a, 908b, 908c, 908d, 908e,
and 908f of the tetrahedron termination network 902 of FIGS. 9 may have 64 possible
states (i.e., six drivers and 2/6 states). However, as further described with reference to
FIG. 12, of the 64 possible states, 40 may be considered illegal states because they
result in zero differential voltages (as illustrated in FIGS. 12A and 12B). In one

example, the differential voltage of a differential driver 908a becomes zero (0) when
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two resistors 906a and 906b have currents of the same size and same direction (e.g.,
from A to O and from B to O, or from O to A and from B to B).

[0065] FIG. 12 (comprising FIGS. 12A and 12B) is a table showing the various
combinations of raw symbols and those symbols having zero differential voltage for a
4-wire tetrahedron termination network 902. This table may be interpreted with respect
to the 4-wire tetrahedron termination network of FIGS. 9 and 10. Here the raw symbols
(Sraw) refer to the raw symbols formed by the differential signals at CD, DB, AD, AC,
CB, and AB, in FIG. 10. The voltage at cach resistance R refers to the voltage across
cach resistance R between the central node O and each node A, B, C, or D in the
tetrahedron termination network 902 in FIG. 9. In this example, assuming a unitary
resistance R, the voltage across cach resistance Rterm is given as +3, +1, -1, or -3 as in
the possible currents in table 1102 in FIG. 11. As a result of these voltages across each
resistance R, a differential voltage across each differential driver (from DB, CD, AD,
AC, CD, and AB), can be ascertained in the tetrahedron termination network 902 in
FIG. 9. In some cases, the voltages across two resistances R for a given differential
driver (transmitter/receiver) cancel each other out, resulting in a “0” differential voltage.
As a result, such conditions are undistinguishable from each other. Where such
conditions occur, the differential signals are undecodable/indistinguishable and
considered “illegal” and not used.

[0066] FIG. 13 is a table showing the valid raw symbols from the table in FIG. 12
having a non-zero differential voltage for the 4-wire tetrahedron termination network
902.

[0067] This type of termination network is herein referred to as an ‘“N-factorial”,
where n=4 in the case of the tetrahedron termination network 902. As can be
appreciated from tables in FIGS. 11 and 12, any time two resistances R have of the
same magnitude and direction, their differential voltage becomes zero (0) and is
considered an illegal state (e.g., the corresponding raw symbol in which such illegal
state occurs cannot be used). For instance, in FIG. 12A, for the raw symbol “000001”,
the voltage drop across the resistances R for DO and BO are equal to 1 (assuming a
unitary current and resistance) and the resistances R for CO and AO are equal to -1.
This results in a differential voltage of zero (0). Consequently, valid/legal states are
found where no two resistances R have currents of the same magnitude and direction.
For the case where four wires/conductors are used (n=4), there are 4 resistances R, and

4 possible current magnitudes/direction (+1/+1, +1/-1, -1/41, -1/-1). A legal state is
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achieved when each of the possible 4 different current sizes {-3, -1, +1, +3} are
assigned to each of the four resistances Rs {DO, CO, BO, AO}. In the case where n=4,
the total number of states that are legal/valid (no zero differential voltage) are 4! = 24.
[0068] This N-factorial termination network can be expanded to any number of
wires/conductors. In general, for n wires/conductors, there are n resistances R, and n
possible current magnitudes/directions. A legal/valid state is achieved when each of the
possible n different current magnitudes are assigned to each of the n resistances R.
Consequently, for n wires/conductors the total number of states that are legal/valid (no
zero differential voltage) are n!.

[0069] FIG. 14 are two tables comparing the efficiency with which information may
be transmitted using a traditional differential signaling approach and a N-factorial
differential signaling approach. For instance, in a first table 1402 a traditional
differential signaling approach (as in FIGS. 1 and 2) may transmit 3 bits per cycle using
six (6) wires/conductors using eight (8) states per cycle, one differential voltage level,
and three (3) drivers/receivers. By contrast, a second table illustrates an N-factorial
differential signaling approach, where, for example, if n=6 wires/conductors, 9.49 bits
per cycle can be transmitted using 720 states per cycle, 5 differential voltage levels, and
15 drivers/receivers. Consequently, significantly more information may be transmitted
over the same number of wires/conductors per cycle relative to the traditional

differential signaling approach.

Power-Conserving N-Factorial Termination Network

[0070] As can be appreciated from the termination networks 702 (FIG. 7) and 902
(FIG. 9), all resistances R are coupled together at a common node O. This may result in
currents from two or more different drivers (transmitters) interacting across a
termination network. For instance, in FIG. 9, a resistance 906a may have currents from
three drivers 908a, 908e and 908f. These currents may be additive (if they flow across
the resistance in the same direction) or cancelling (if they flow across the resistance in
opposite directions).

[0071] FIG. 15 illustrates current interactions between two drivers for a triangle
termination network 1502 (e.g., n=3). As can be appreciated here, a first driver Z 1508c
may be driving a first current 1504 through a first resistance R 1512 (AO), through a
second resistance R 1514 (CO), and back to the first driver Z 1508c. Similarly, a
second driver Y 1508b may be driving a second current 1506 through the second
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resistance R 1514 (CO), through a third resistance R 1516 (BO), and back to the second
driver Y 1508b. However, the opposite currents (first current 1504 and second current
1506) through the second resistor R 1514 (CO) are actually cancelling each other. The
combined current flows may best be characterized as a first current flow 1518a from
driver Z 1508c to driver Y 1508b and a second current flow 1518b from driver Y 1508b
to driver Z 1508c. However, it is evident that the second current flow 1518b is wasted
since it conveys no information.

[0072] FIG. 16 illustrates current interactions between the two drivers for the
triangle termination network 1502 of FIG. 15 but where the drivers are configured to
selectively turn off one of their terminals to conserve power. As illustrated here, the
first driver 1508c has shut off its positive terminal and the second driver 1508b has shut
off its negative terminal, thereby preventing the second current flow 1518b from
occurring,

[0073] FIG. 17 illustrates a typical differential driver circuits. The differential
driver 1702 typically includes a positive terminal 1704 and a negative terminal 1706.
The differential driver 1702 may be a current mode differential driver 1708 or a voltage
mode differential driver 1710. However, the positive terminal 1704 and the negative
terminal 1706 are separate driving circuits which are switched high or low (i.e., push or
pull) depending on the current flow desired.

[0074] FIG. 18 illustrates how the differential driver in FIG. 17 may be divided into
separate driving circuits for each terminal (e.g., positive and negative terminals). For
instance, the current mode differential driver 1708 may be divided into a positive
terminal current mode driver 1808a and a negative terminal current mode driver 1808b.
Similarly, the voltage mode differential driver 1710 may be divided into a positive
terminal voltage mode driver 1810a and a negative terminal voltage mode driver 1810b.
Consequently, the different terminals of a differential driver can be shut off or on
independent of its other terminal.

[0075] FIG. 19 illustrates the transformation of a driver circuit for a termination
network for improved power efficiency. A driver circuit portion 1902 of the termination
circuit 1502 is transformed by first separating the positive terminal driver and negative
terminal driver for each driver X 1508a, Y 1508b, and Z 1508c into separate terminal
driver circuits. An equivalent driver termination circuit 1904 may then be obtained with

separate positive terminal drivers X+, Y+, and Z+ 1906 and negative terminal drivers
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X-, Y-, and Z- 1908. Consequently, positive terminal drivers may be paired with
negative terminal drivers: X+ & Z-, Z+ & Y-, and X- & Y+.
[0076] FIG. 20 illustrates how each of the different pairings of positive and negative
terminal drivers may be combined into one driver. The equivalent driver termination
circuit 1904 may be converted into a combined driver termination circuit 2002 in which
combined drivers A 2004, B 2006, and C 2008 each combine the paired positive and
negative terminal drivers: X+ & Z-, Z+ & Y-, and X- & Y+.
[0077] FIG. 21 illustrates how power is saved by converting the driver circuit
portion 1902 to the combined driver termination circuit 2002. In this example, the
combined driver A 2004 and combined driver B 2006 are switched to cause a current
flow 2108 while combined driver C 2008 is disabled. While the power consumed by
the equivalent driver termination circuit 1902 is:
P1 = 2xIx(Vce—Vod) +1xIxVce , where Ve is the supply voltage, and Vod = RxIx4
(A-B differential voltage),
the power consumed by the combined driver termination circuit 2002 is:
P2 =2xIx(Vce—Vod), thereby saving 1xIxVce in power.
[0078] FIG. 22 illustrates a tetrahedron termination network for differential
signaling. In this example, the tetrahedron termination network of FIG. 9 is shown
with various exemplary current flows. The total power consumed by the various current
flows is given by:
P1 = 1xIx(Vcc—Vodo6) (for AB)

+ 2xIx(Vee—Vod4) (for AD, CB)

+ 3xIx(Vee—Vod2) (for CD, AC, DB)

+ 2xIxVcce (at C, D),

where
Vod6 = RxIx6
Vod4 = RxIx4
Vod2 = RxIx2,

However, the current flows through a first resistance R 906¢ and second resistance R
906d cancel each other out. Consequently, the current flow from D to C is wasted.

[0079] FIG. 23 illustrates a combined driver termination network 2302 equivalent to
the tetrahedron termination network of FIG. 9. As done with the differential drivers in
FIG. 21, each combined driver 2306, 2308, 2310, and 2312 in the combined driver

termination network 2302 combines a positive termination driver and a negative
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termination driver from the tetrahedron termination network 902 of FIG. 9. Each
combined driver 2306, 2308, 2310, and 2312 may include a plurality of separately
switchable circuits that can be individually turned off/on to achieve a desired current
flow. In one example, a first combined driver 2304 may include three switchable
circuits 2316a, 2316b, and 2316¢ each providing a unitary current I.

[0080] Each of the switchable circuits 2316a, 2316b, and 2316¢c may be
independently controlled so that none, one, two, or three switchable circuits within the
first combined driver 2304 may be operational at any one cycle. The switchable circuit
2316¢ may include current source driver 2322a, a first switch 2320a, a current sink
2322b, and a second switch 2320b. When the first switch 2320a is closed, the second
switch 2320b is open and current flows from the current source driver 2322a through
the first switch 2320a and out the terminal 2324. When the second switch 2320b is
closed, the first switch 2320a is open and current flows into the current sink 2322b from
the terminal 2324 via the second switch 2320b. When all switches of the switchable
circuits 2316a, 2316b, and 2316¢ are open, no current flows into or out of the terminal
2324,

[0081] FIG. 24 illustrates an alternative to the combined drivers of FIG. 23. In this
example, the three unitary current circuits 2316a, 2316b, and 2316¢ of FIG. 23 have
been replaced a driver 2404 including a first switchable circuit 2416a providing a
unitary current I and a second switchable circuit 2416b providing a 2xI current. This
may permit reducing the number of circuits used while still providing either 1xI or 3xI
current flows. The actual magnitudes of the current flows provided by a switchable
circuit may be specific to each implementation.

[0082] FIG. 25 illustrates another alternative to the combined drivers of FIG. 23. In
this example, the three unitary current circuits 2316a, 2316b, and 2316¢ of FIG. 23 have
been replaced a driver 2504 including a first switchable circuit 2516a providing a
unitary current [ and a second switchable circuit 2516b providing a 3xI current. In this
case, rather than having to turn on both circuits to provide a current flow of 3xI (as in
FIG. 24), just the second switchable circuit 2516b can be turned on while the first
switchable circuit 2516a can be turned off.

[0083] FIG. 26 illustrates the use of combined drivers 2604 in a 5-factorial
differential signaling termination network 2602.

[0084] FIG. 27 illustrates the use of combined drivers 2704 in a 6-factorial

differential signaling termination network 2702.
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[0085] FIG. 28 illustrates various examples of positive/negative termination drivers
for various N-factorial termination networks. A first driver circuit 2802 may be used,
for example, with 3-factorial differential signaling systems. A second driver circuit
2804 may be used, for example, with 4-factorial differential signaling systems. A third
driver circuit 2806 may be used, for example, with S-factorial differential signaling
systems. A fourth driver circuit 2808 may be used, for example, with 6-factorial
differential signaling systems. A fifth driver circuit 2810 may be used, for example,
with 7-factorial differential signaling systems. A sixth driver circuit 2812 may be used,
for example, with 8-factorial differential signaling systems. A seventh driver circuit
2814 may be used, for example, with 9-factorial differential signaling systems. In these
exemplary driver circuits, the even n-factorial drivers use a 1xI current flow circuit and
one or more 2xI current flow circuits while the odd n-factorial drivers use one or more
2xI current flow circuits.

[0086] FIG. 29 illustrates the general approach of positive/negative termination
drivers for an N-factorial termination network. In this exemplary implementation, for
any N-factorial differential signaling system, a driver circuit may include a first
switchable driver circuit 2902 providing a 1xI current flow and/or one or more second
switchable driver circuits 2904 providing a 2xI current flow. Whether or not the first
switchable driver circuit 2902 is included in a driver circuit depends on whether N is
even or odd. If Nis odd (e.g., 3, 5, 7, ...) then the first switchable driver circuit 2902 is
not included.

[0087] FIG. 30 illustrates various examples of positive/negative termination drivers
for various N-factorial termination networks. In these examples, each positive/negative
termination driver includes multiple switchable circuits of various increasing current
values. A first driver circuit 3002 may be used, for example, with 3-factorial differential
signaling systems. A second driver circuit 3004 may be used, for example, with 4-
factorial differential signaling systems. A third driver circuit 3006 may be used, for
example, with 5-factorial differential signaling systems. A fourth driver circuit 3008
may be used, for example, with 6-factorial differential signaling systems. A fifth driver
circuit 3010 may be used, for example, with 7-factorial differential signaling systems.
A sixth driver circuit 3012 may be used, for example, with 8-factorial differential
signaling systems. A seventh driver circuit 3014 may be used, for example, with 9-
factorial differential signaling systems. In these exemplary driver circuits, the even n-

factorial drivers use a 1xI current flow circuit and one or more current flow circuits of
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odd-valued incremental current flow magnitudes while the odd n-factorial drivers use
one or more 2xI current flow circuits and one or more current flow circuits of even-
valued incremental current flow magnitudes.

[0088] FIG. 31 illustrates the general approach of positive/negative termination
drivers for an N-factorial termination network for even and odd n (e.g., number of
wires/conductors used). In this exemplary implementation, for any N-factorial
differential signaling system where N is even, a driver circuit 3102 may include a
switchable driver circuit providing a 1xI current flow and/or one or more other
switchable driver circuits providing current flows that increase by odd-valued
incremental current flow magnitudes. For any N-factorial differential signaling system
where N is odd, a driver circuit 3104 may include a switchable driver circuit providing a
2x1I current flow and/or one or more other switchable driver circuits providing current
flows that increase by even-valued incremental current flow magnitudes.

[0089] FIG. 32 is a flow diagram illustrating a method for conserving power in a
termination network for differential signaling. A first end of a plurality of n resistance
clements are coupled together at a common node, where n is an integer value and is also
the number of conductors used to transmit a plurality of differential signals 3202. Each
of a plurality of differential signal drivers may be split into a positive terminal driver
and a negative terminal driver 3204. The positive terminal driver may be coupled to a
second end of a first resistance element 3206. The negative terminal driver may be
coupled to a second end of a second resistance element 3208. The positive terminal
driver and the negative terminal driver are separately and independently switchable to
provide a current having a magnitude and direction. In one example, all resistance
elements have the same resistance value. During a transmission cycle of the plurality
differential signals each of the n resistance elements may have a current of a different

magnitude and/or direction than the other resistance elements.

[0090] One or more of the components, steps, features and/or functions illustrated in
the Figures may be rearranged and/or combined into a single component, step, feature or
function or embodied in several components, steps, or functions. Additional elements,
components, steps, and/or functions may also be added without departing from novel
features disclosed herein. The apparatus, devices, and/or components illustrated in the

Figures may be configured to perform one or more of the methods, features, or steps
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described in the Figures. The novel algorithms described herein may also be efficiently
implemented in software and/or embedded in hardware.

[0091] Also, it is noted that the embodiments may be described as a process that is
depicted as a flowchart, a flow diagram, a structure diagram, or a block diagram.
Although a flowchart may describe the operations as a sequential process, many of the
operations can be performed in parallel or concurrently. In addition, the order of the
operations may be re-arranged. A process is terminated when its operations are
completed. A process may correspond to a method, a function, a procedure, a
subroutine, a subprogram, etc. When a process corresponds to a function, its
termination corresponds to a return of the function to the calling function or the main
function.

[0092] Moreover, a storage medium may represent one or more devices for storing
data, including read-only memory (ROM), random access memory (RAM), magnetic
disk storage mediums, optical storage mediums, flash memory devices and/or other
machine readable mediums for storing information. The term “machine readable
medium” includes, but is not limited to portable or fixed storage devices, optical storage
devices, wireless channels and various other mediums capable of storing, containing or
carrying instruction(s) and/or data.

[0093] Furthermore, embodiments may be implemented by hardware, software,
firmware, middleware, microcode, or any combination thercof. When implemented in
software, firmware, middleware or microcode, the program code or code segments to
perform the necessary tasks may be stored in a machine-readable medium such as a
storage medium or other storage(s). A processor may perform the necessary tasks. A
code segment may represent a procedure, a function, a subprogram, a program, a
routine, a subroutine, a module, a software package, a class, or any combination of
instructions, data structures, or program statements. A code segment may be coupled to
another code segment or a hardware circuit by passing and/or receiving information,
data, arguments, parameters, or memory contents. Information, arguments, parameters,
data, etc. may be passed, forwarded, or transmitted via any suitable means including
memory sharing, message passing, token passing, network transmission, etc.

[0094] The various illustrative logical blocks, modules, circuits, elements, and/or
components described in connection with the examples disclosed herein may be
implemented or performed with a general purpose processor, a digital signal processor

(DSP), an application specific integrated circuit (ASIC), a field programmable gate
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array (FPGA) or other programmable logic component, discrete gate or transistor logic,
discrete hardware components, or any combination thereof designed to perform the
functions described herein. A general purpose processor may be a microprocessor, but
in the alternative, the processor may be any conventional processor, controller,
microcontroller, or state machine. A processor may also be implemented as a
combination of computing components, e.g., a combination of a DSP and a
microprocessor, a number of microprocessors, one Or more miCroprocessors in
conjunction with a DSP core, or any other such configuration.

[0095] The methods or algorithms described in connection with the examples
disclosed herein may be embodied directly in hardware, in a software module
executable by a processor, or in a combination of both, in the form of processing unit,
programming instructions, or other directions, and may be contained in a single device
or distributed across multiple devices. A software module may reside in RAM memory,
flash memory, ROM memory, EPROM memory, EEPROM memory, registers, hard
disk, a removable disk, a CD-ROM, or any other form of storage medium known in the
art. A storage medium may be coupled to the processor such that the processor can read
information from, and write information to, the storage medium. In the alternative, the
storage medium may be integral to the processor.

[0096] Those of skill in the art would further appreciate that the various illustrative
logical blocks, modules, circuits, and algorithm steps described in connection with the
embodiments disclosed herein may be implemented as electronic hardware, computer
software, or combinations of both. To clearly illustrate this interchangeability of
hardware and software, various illustrative components, blocks, modules, circuits, and
steps have been described above generally in terms of their functionality. Whether such
functionality is implemented as hardware or software depends upon the particular
application and design constraints imposed on the overall system.

[0097] The various features of the invention described herein can be implemented in
different systems without departing from the invention. It should be noted that the
foregoing embodiments are merely examples and are not to be construed as limiting the
invention. The description of the embodiments is intended to be illustrative, and not to
limit the scope of the claims. As such, the present teachings can be readily applied to
other types of apparatuses and many alternatives, modifications, and variations will be

apparent to those skilled in the art.



WO 2014/138658 PCT/US2014/022031

19
CLAIMS
WHAT IS CLAIMED IS:
1. A termination network circuit for a differential signal transmitter, comprising:

a plurality of n resistance elements, a first end of each of the resistance elements
coupled at a common node, where n is an integer value and is also the number of
conductors used to transmit a plurality of differential signals; and

a plurality of differential signal drivers, each differential signal driver including
a positive terminal driver and a negative terminal driver, wherein the positive terminal
driver is coupled to a second end of a first resistance element while the negative
terminal driver is coupled to a second end of a second resistance element, the positive
terminal driver and the negative terminal driver are separately and independently

switchable to provide a current having a magnitude and direction.

2. The termination network circuit of claim 1, wherein all resistance elements have

the same resistance value.

3. The termination network circuit of claim 1, wherein during a transmission cycle
of the plurality differential signals each of the n resistance elements has a current of a

different magnitude and/or direction than the other resistance elements.

4, The termination network circuit of claim 1, wherein the combination of all
differential signals over the n resistance elements during a transmission cycle has a non-

zero voltage differential.

5. The termination network circuit of claim 1, wherein n => 3.

6. The termination network circuit of claim 1, wherein the differential signals are
generated from a subset of raw symbols selected from a plurality of possible raw
symbols, the subset of raw symbol equaling n! states that generate a non-zero voltage

differential at the termination network circuit.
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7. The termination network circuit of claim 1, wherein one of the positive terminal
driver and negative terminal driver is selectively shut off to eliminate current

cancellations across a resistance element.

8. The termination network circuit of claim 1, wherein the only electrical path
between the plurality of differential signal drivers is through the plurality of n resistance

elements and the common node.

9. The termination network circuit of claim 1, wherein for n=3 conductors, 3
differential signal drivers are used and 2 differential voltage levels to transmit 6 states

per cycle.

10. The termination network circuit of claim 1, wherein for n=4 conductors, 6
differential signal drivers are used and 3 differential voltage levels to transmit 24

symbols per cycle.

11. The termination network circuit of claim 1, wherein for n=5 conductors, 10
differential signal drivers are used and 4 differential voltage levels to transmit 120 states

per cycle.

12. The termination network circuit of claim 1, wherein for n=6 conductors, 15
differential signal drivers are used and 5 differential voltage levels to transmit 720 states

per cycle.

13. The termination network circuit of claim 1, wherein each of the
positive/negative terminal driver includes a plurality of switchable circuits, each
switchable circuit independently controlled from other switchable circuits in the same

positive/negative terminal driver.

14. The termination network circuit of claim 1, wherein each switchable circuit
includes a first switch that causes current to flow out of a corresponding
positive/negative terminal driver, and a second switch that causes current to flow into

the corresponding positive/negative terminal driver.
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15. The termination network circuit of claim 1, wherein the plurality of switchable
circuits includes a first switchable circuit that provides a first current flow to/from the
corresponding terminal and a second switchable circuit that provides a second current

flow to/from the corresponding terminal.

16. The termination network circuit of claim 15, wherein the second current flow is

of different magnitude but same direction as the first current flow.

17. The termination network circuit of claim 15, wherein the second current flow is

an integer multiple of the first current flow.

18. The termination network circuit of claim 15, wherein the plurality of switchable
circuits further includes a third switchable circuit that provides a third current flow
to/from the corresponding terminal, where the second current flow is a fixed increment
from the first current flow, and the third current flow is the same fixed increment from

the second current flow.

19. The termination network circuit of claim 15, wherein the magnitude and/or

number of switchable circuits is a function of the number of conductors used.

20. A method for conserving power in a termination network for differential
signaling, comprising:

coupling a first end of a plurality of n resistance elements together at a common
node, where n is an integer value and is also the number of conductors used to transmit
a plurality of differential signals;

splitting each of a plurality of differential signal drivers into a positive terminal
driver and a negative terminal driver;

coupling the positive terminal driver to a second end of a first resistance
clement; and

coupling the negative terminal driver to a second end of a second resistance
element, wherein the positive terminal driver and the negative terminal driver are
separately and independently switchable to provide a current having a magnitude and

direction.
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21. The method of claim 20, wherein all resistance elements have the same
resistance value.
22. The method of claim 20, wherein during a transmission cycle of the plurality

differential signals each of the n resistance elements has a current of a different

magnitude and/or direction than the other resistance elements.

23. The method of claim 20, wherein the combination of all differential signals over

the n resistance elements during a transmission cycle has a non-zero voltage differential.

24, The method of claim 20, wherein n => 3.

25. The method of claim 20, wherein the differential signals are generated from a
subset of raw symbols selected from a plurality of possible raw symbols, the subset of
raw symbol equaling n! states that generate a non-zero voltage differential at the

termination network circuit.

26. The method of claim 20, wherein one of the positive terminal driver and
negative terminal driver is selectively shut off to eliminate current cancellations across a

resistance element.

27. The method of claim 20, wherein the only electrical path between the plurality
of differential signal drivers is through the plurality of n resistance elements and the

common node.

28. The method of claim 20, wherein for n=3 conductors, 3 differential signal

drivers are used and 2 differential voltage levels to transmit 6 states per cycle.

29. The method of claim 20, wherein for n=4 conductors, 6 differential signal

drivers are used and 3 differential voltage levels to transmit 24 symbols per cycle.

30.  The method of claim 20, wherein for n=5 conductors, 10 differential signal

drivers are used and 4 differential voltage levels to transmit 120 states per cycle.
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31. The method of claim 20, wherein for n=6 conductors, 15 differential signal

drivers are used and 5 differential voltage levels to transmit 720 states per cycle.

32. The method of claim 20, wherein each of the positive/negative terminal driver
includes a plurality of switchable circuits, each switchable circuit independently

controlled from other switchable circuit in the same positive/negative terminal driver.

33. The method of claim 20, wherein each switchable circuit includes a first switch
that causes current to flow out of a corresponding positive/negative terminal driver, and
a second switch that causes current to flow into the corresponding positive/negative

terminal driver.

34. The method of claim 20, wherein the plurality of switchable circuits includes a
first switchable circuit that provides a first current flow to/from the corresponding
terminal and a second switchable circuit that provides a second current flow to/from the

corresponding terminal.

35. The method of claim 34, wherein the second current flow is of different

magnitude but same direction as the first current flow.

36. The method of claim 34, wherein the plurality of switchable circuits further
includes a third switchable circuit that provides a third current flow to/from the
corresponding terminal, where the second current flow is a fixed increment from the
first current flow, and the third current flow is the same fixed increment from the second

current flow.
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Raw Symbols | Voltage at each Ryray Differential voltage 0 diff
{CD, DB, AD, AC,CB,AB})} DO | CO | BO | AO | DB | CB | AD | AC | CD | AB |level?

000011 -1 1 1 -1 -2 0 0 -2 2 -2 | Zero
1 -3 1 1 -4 0 4 -4 0 | Zero
-1 -1 3 1 -4 0 0 0 4 | Zero
-1 -1 1 1 -2 2 2 0 0 | Zero
-1 -1 3 1 -4 0 0 0 4 | Zero

_ : : : er&
1 T |14t 2 12121210710 [Zero

0 |Zero
2 | Zero
2 | Zero
-2 | Zero
2
2
2

Zero
Zero
Zero

LI PN PN =N LN RNy BN
RN FLIN SN BN N BN N
=3 RO (=1 NS L ] (=] [=
roloirvr|jlolo ks |~
oo lrd|lolo ks |le
=3 Y (=2 Y Ll (=2 N

011100 11 A 1 1T 12 212 12100 |Zero
011101 A1 A3 [0 0 41410 4 fZeo
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100001 3 A4 11410 4]0 7] 4]0 |Zero
100010 1 1 1 1310 | 0| 4|40/ -4]Zro
100011 1 1 -1 -1 2 2 2 | -2 0 0 | Zero

100110 1T 1 -1 1 0 | 2] -2 107122 2 | Zero
100111 T -1 [ 1 2 0 0 2 | -2 | 2 |Zero
101000 1 1 -1 1T 1101 2210 -21]-2]Zero
101001 T 1 1 2 0 0 2 | -2 | 2 |Zero
101010 -1 1 1T 111210 0 | 2] 2 2 | Zero
101011 1 1 1 -1 1 0 2 | 2 0 [ 2 2 | Zero
101100 1 1 1 0 4 10 4 4 10

101110 1 - 1 1121212 2 0 0 | Zero

110110 1 1T 1 -1 2 2 | 21210 0 | Zero
110111 1 1T 1311 4 4 0 0 0 4 | Zero
111000 1 T 111112 2 | 21210 0 | Zero
111001 1 1T 1311 4 4 0 0 0 4 | Zero

111110 -1 1 [ -1 1 0 2 | 2 0 [ 2 2| Zero

FIG. 12B



WO 2014/138658

14733

PCT/US2014/022031

Raw Symbols

Voltage at each Ryepy

Differential voltage

{CD, DB, AD, AC, CB, AB}

DO | CO | BO | AO

DB

D
we)

AD | AC

CD

AB

000000

000010

000100

001010

001100

001101

001110

001111

010010

011010

011011

011111

100000

100100

100101

101101

110000

110001

110010

110011

110101

111011

111101

11111

1 -1 3 -3
-1 1 3 3
1 -3 3 1
3 1 3 -1
1 3 3 1
1 3 1 3
3 1 3 1
3 | - 1 3
1 3 1 3
3 3 1 1
3 3 1 1
-3 1 -1 3
3 1 1 -3
3 3 1 1
3 3 1 1
1 3 1 3
3 1 1 3
3 1 3 1
1 3 1 3
1 3 3 | -
3 1 3 1
-1 3 3 1
1 -1 3 3
-1 1 3 3

DSBS SR IR RS DRI Eo DR Bl LCH SR PO PO NG PO NG P Ol G S N PO I TG

sl |v|io|leleo LI IAIvIiIeEoIILDIATIATIS IS TS A

LGN o FRC LS NG PO PO BN F=a ) B G RO LS FROW S PO B | OGN E= 2N B PO SN N P

4
2
2
2
2
4
4
6
2
2
4
6
-6
-4
2
2
b
4
4
2
2
2
2
4

OO FROH B NG | CR | C R FROW FROY S PO PS N IS B F= o0 =0 o OGN [ FROW RO B IS | Gl O

S I Eol Eo SR DON LCH PO Bl LCH S NG Eo R PO G LR FON LR PO NG NG PN S

FIG. 13




PCT/US2014/022031

WO 2014/138638
15/33
1402
#ofwires/ | #ofstates | Bitsper |#ofdrivers/| #of differential
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N Factorial 5 20 6.91 0 4

6 720 9.49 15 5

FIG. 14




WO 2014/138658 PCT/US2014/022031

16/33
1502
'~ ®
Q, 1518a O
A | | N
1510a 1 1512 L ~ 0 1510¢
. ( *
* < x2 ' Sl 9 v
N A LEAN
k ) N 1504§
1508a b & %1508
.’ O | AN ¢
1516 o 1514 §
* 1518b

Actual
Current
Path

1508b

===== Current direction of I [A]
Termination resistor Rrervl<)
0,-2, +2 Voltage from V¢ in one IXRrgrm [V]

FIG. 15



WO 2014/138658 PCT/US2014/022031

17733

1502

1510a *

1508a

[E—

Y 4
%,

Off

===== Current direction of I [A]
Termination resistor Rterml<)
0,-2, +2 Voltage from V¢ in one IXR1grm [V]

FIG. 16



PCT/US2014/022031

WO 2014/138658

18733

90L1

v&&w

L1 "OIA

90L1

X

JBALIp 8powW jusung

)/ 4

80L1




PCT/US2014/022031

WO 2014/138658

19/33

qo181

A

90L1

A

HA

Janlp spow abejjon

;
|

Janlp spow abejjon

&

B0l

8081

90L1

@o/i@;@ \

JBALIp spoW jusiIngd

\' +
—@O)L)@—

JBALIp spoW jusiIngd

81 OIA

OLT




PCT/US2014/022031

WO 2014/138658

20/33

\ A

\-

A

JOALIL(T [BUIULIQ |, QAIISO]

_
._.DnN
_H ._.DnN _HI M
P @
HA
Jaaup apow abejjopa JBALID BpOW JUs.1In
IQALI(] [RUIULID [, dANIRION y
30617
A )
A_w |
._.DnN
+ m;|m
._.DnN
A @
HA
JaAlp apow abeyjon JBALID BpOoW JUslIng

J

N

9061




PCT/US2014/022031

WO 2014/138658

21/33

0C ‘DIA

A®+Z -~ +A %X
n TN

800¢C O 900¢

HA

JOAID Bpow abe}joA

IX¢

;

JBALIP Bpow Jus.ng




WO 2014/138658

22/33

2002

PCT/US2014/022031

FIG. 21



WO 2014/138658 PCT/US2014/022031

23/33
Differential
transmitter
& receiver
" 6 s
908
\3“ ® 4 IR\ 4
' \
! \
, ]
S, /
G)

FIG. 22



PCT/US2014/022031

WO 2014/138658

24/33

01¢c

_——m—— £C DIA
\
\
\
\
\
\

P906

80€¢C
\\\\\

T 906
2906 ! O
4906 =" vmm
A _
0T I ]
| /
1 7/

qzzer>

q0cec—~> % ﬁ

ROCEC— W W/ WM
ofmm\k‘_ n_fmm\m B9 (2w

LddYiad




PCT/US2014/022031

WO 2014/138658

25/33

%

IX¢

re ‘OIA

POYT~— |

IX¢

~
.

IX¢

éfvg

B9y 2w

g
b




WO 2014/138658

=504

2516])

3xI

2516a

¢
;
§

26/33

PCT/US2014/022031

3xI

FIG. 25




WO 2014/138658 PCT/US2014/022031

27/33

N
-
\O
(@

FIG. 26

2x1
2x1

2x1
2x1

p 00 o8¢0 o>




28/33

22222222222222222

FIG. 27




WO 2014/138658 PCT/US2014/022031

29/33

B osyo < ootoo® N

E % 3 &

R =/ Dossor K
oo soo {Poos0o

2802
3! Y/
x|
Pin
x|



PCT/US2014/022031

WO 2014/138658

30/33

uld

6¢ '‘DIA

_xN@ _xN@ _xN@ 5@
SR :
_xm® _xm@ _xm® I
\ (" '8'9 ‘) N usaa Joj |

Y (" *L'G'€) N ppo .o} o

(Z/(L-N)MOOIX e Z2%(L-N)X e



WO 2014/138658 PCT/US2014/022031

31/33

Dootools  Dooyood
| Doorost Bos oo
© X X o 3 %
Ph et (Doopostls

Suteds ol
T ootk N Doty i
2/ -Pooeoo P = VN U NS




WO 2014/138658

32/33

3102

PCT/US2014/022031

A @m @Bxl @(N-nxl

For even N E é /¢ § Pin
ébd é&d é(N-ﬂxl

31%‘ @le @MI @(N-nxl
For odd N E é 4 E Pin
éle éwl é(N-nxl

FIG. 31



WO 2014/138658 PCT/US2014/022031

33/33

Couple a first end of a plurality of n resistance elements

together at a common node, where n is an integer value

and is also the number of conductors used to transmit a
plurality of differential signals.

_z-3202

I

Split each of a plurality of differential signal drivers intoa |2 3204
positive terminal driver and a negative terminal driver.

!

|_=-3206
Couple the positive terminal driver to a second end

of a first resistance element.

I

Couple the negative terminal driver to a second end of a
second resistance element, wherein the positive terminal  |-=2-3208
driver and the negative terminal driver are separately and
independently switchable to provide a current having a
magnitude and direction.

FIG. 32
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