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SINGLE-ENDED SIGNALING WITH PARALLEL
TRANSMIT AND RETURN CURRENT FLOW

TECHNICAL FIELD
[0001] The present invention relates generally to the field of electronic communications

and more particularly to signaling between integrated circuit devices.

BACKGROUND

[0002] Despite the performance gains available through differential signaling, the cost of
two conductors per signal continues to impede its adoption in a number of chip-to-chip
signaling applications, particularly those that require relatively wide data paths (e.g., between a
memory controller and memory devices). Instead, single-ended signaling continues to prevail
in such applications.

[0003] Figure 1 illustrates a number of performance-limiting characteristics of a
conventional single-ended signaling system. As shown, the system includes a signal-
transmitting integrated circuit (IC) 101 and counterpart signal-receiving IC 103 coupled to one
another via a single-ended signaling link 105 and powered by a DC power supply 104. The
transmitting IC 101 includes an output driver 106 to modulate the potential on signal line 105
in accordance with a stream of transmit data bits (i.e., TxD, the data to be transmitted) and thus
deliver a corresponding stream of symbols to the receiving IC 103. The receiving IC includes
a signal receiver 115 to compare the signal line potential (V) with a reference voltage (Vrer)
and to sample the comparison result at regular intervals, thereby recovering the data bit (i.e.,
logic ‘1’ or ‘0’) conveyed in each transmitted symbol.

[0004] With regard to performance limitations, if Vggr is not centered between the logic
‘1’ and logic ‘0’ levels of the incoming signal (i.e., between Vi and Vi), the minimum
difference between Vyer and Vgig is compressed, thus rendering the incoming signal more
susceptible to noise-induced error (i.e., the signaling margin, or noise tolerance, is reduced).

-1-
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Such an error is illustrated in Figure 1 by the noise-induced crossing of the Vrgr level shown at
112.

[0005] Another challenge presented within the single-ended signaling system is the data-
dependent current draw from the power supply 104. That is, when a logic ‘1’ is transmitted, a
DC current is pulled through the impedance network (i.e., modeled by transmit-side pull-up
impedance, Zr, the signaling line impedance, Z, and receive-side pull-up impedance, Zg) to
discharge the signal line 105, while no such DC current is drawn during transmission of a logic
‘0’ (thus permitting the signal line to charge toward Vpp). This data-dependent switching of
the DC current through inductive components of the impedance network generates supply
voltage noise that tends to couple asymmetrically with the transmitted signal and the reference
voltage, thus further reducing signaling margin.

[0006] Yet another source of noise results from the non-uniform impedance presented by
the signal return current. That is, in contrast to a differential signaling approach in which the
signal current flowing on a given conductor is typically matched by a reverse flow on a
parallel, counterpart conductor, the signal return current in single-ended system 100 is split
between the ground and VDD rails, 109 and 107. More specifically, as shown by the AC
current-flow diagram at 122, the signal return current, irgr, 1S typically forced to flow through
external and internal bypass capacitors (111 and 113, respectively) in order to return from
ground rail 109 to Vpp rail 107and thus may not easily be maintained parallel to the signal line
105. Consequently, a non-uniform impedance (i.c., one or more impedance discontinuities) is
presented to a signal propagating on the signal line 105, thus producing reflections and

transients that constitute yet another source of margin-reducing noise.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0007] The present invention is illustrated by way of example, and not by way of
limitation, in the figures of the accompanying drawings and in which like reference numerals
refer to similar elements and in which:

[0008] Figure 1 illustrates performance-limiting characteristics of a conventional single-
ended signaling system;

[0009] Figure 2A illustrates an embodiment of a single-ended signaling system in which
transmitted and returned signal currents flow substantially parallel to one another and thus
establish a substantially uniform impedance along the length of a single-ended signal
conductor;

[0010] Figures 2B and 2C illustrate AC current flow for the current-sourcing and current
sinking transmission states, respectively, within the signaling system of Figure 2A;

[0011] Figure 3 illustrates a more detailed embodiment of a parallel-return-flow signaling
system having an exemplary an off-chip reference voltage generator and power supply, as well
as on-chip signaling supply voltage generators;

[0012] Figure 4 illustrates an embodiment of a parallel-return-flow signaling system in
which each of two signal-line-interconnected integrated circuit devices includes both signal
transmission and signal reception circuitry to enable bidirectional chip-to-chip signaling;
[0013] Figure 5 illustrates a parallel-return-flow signaling system in which two or more
integrated circuit devices are interconnected by a generalized number of single-ended signaling
lines and at least one reference voltage conductor; and

[0014] Figure 6 illustrates an embodiment of a multi-mode transceiver that may be

operated in any one of multiple register-enabled signaling modes.
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DETAILED DESCRIPTION

[0015] A single-ended signaling system in which transmitted and returned signal currents
are enabled to flow substantially parallel to one another and thereby maintain a substantially
uniform impedance along the length of a single-ended signal conductor is presented in various
embodiments. In one embodiment, a reference plane is disposed substantially parallel to a
single-ended signaling conductor and coupled to the signaling conductor within a signal-
receiving IC and coupled to signaling supply voltage nodes within a signal-transmitting IC. By
this arrangement, an AC current flowing to (or from) the receiving IC via the signaling
conductor is conducted to the reference plane, thereby enabling a matching AC current to flow
back to (or back from) the transmitting IC along a single path that is substantially parallel to
the signal conductor.

[0016] In a more specific embodiment, the reference plane is coupled to a reference
voltage input of a signal-receiving circuit within the receiving IC and thus provides a reference
voltage that may be compared with the transmitted signal to recover the originally transmitted
data sequence. In one such embodiment, the reference voltage is centered approximately
between upper and lower supply voltages (e.g., Vpp and ground) so that relatively low-noise
voltage generation circuits may be employed to develop signal-transmission voltage supplies
within the transmitting IC. The reference voltage may also be applied as a center-point about
which upper and lower signal-transmission voltages are developed so that, regardless of the
precise positioning of the reference potential relative to the system power supply voltages, the
upper and lower signal transmission voltages may still be symmetrically centered about the
reference voltage. Further, in one embodiment a push-pull signaling driver is provided within
the transmitting IC to either source or sink a current on the single-ended signaling line and thus

effect a symmetric signal swing about the reference voltage within the receiving IC. The push-
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pull signaling driver may also be designed to consume substantially the same power regardless
of the data being transmitted (i.e., power consumed when drawing/sinking current from the
signaling line is substantially the same as power consumed when sourcing/delivering current)
thereby avoiding data-dependent power consumption and thereby potentially reducing
switching noise. Thus, the various embodiments disclosed herein may enable improved
signaling margin (and thus potentially higher bandwidth) over a single-ended signaling link by
establishing data-independent power consumption and uniform impedance along the length of
the signaling conductor, and by centering the voltage reference within the receiver-side signal
swing without the need for complex calibration or reference voltage agreement schemes. In
yet other embodiments, signal transmission and/or receive circuits may be run-time or
production-time configurable to operate in one of multiple different signaling modes, thus
enabling the host integrated-circuit to be applied in multiple different signaling environments.
[0017] Figure 2A illustrates an embodiment of a single-ended signaling system 200 in
which transmitted and returned signal currents, igig and irgr, flow substantially parallel to one
another and thus establish a substantially uniform impedance along the length of a single-
ended signal conductor. System 200 is referred to herein as a “parallel-return-flow” signaling
system and includes a transmitting integrated circuit (IC) device 201 and receiving IC device
203 coupled one another via a single-ended signaling conductor 205 (or signal line) and a
reference plane 207. Though not specifically shown in Figure 2A, the two 1Cs 201, 203 may
also be coupled in common to upper and lower power supply rails (e.g., Vpp and ground).
[0018] The transmitting IC 201 includes a push-pull output driver 211 coupled between
upper and lower signaling supply voltage nodes 216a, 216b (also referred to herein as
“signaling voltage supplies”) and having an input to receive a stream of transmit data values
(TxD) and an output coupled to the signal line 205 via interconnection pad 219 (or other

interconnection structure). In the embodiment of Figure 2A, the output driver itself is formed
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by a pair of switching elements 214a, 214b that are switched between complementary open and
closed states in response to the transmit data stream. That is, switching element 214a is closed
and switching element 214b opened in response to a logic ‘1’ transmit data bit, and,
conversely, switching element 214a is opened and switching element 214b closed in response
to logic ‘0’ transmit data bit, thus coupling the signal line to either the upper signaling supply
voltage, Vs+ (216a), or the lower signaling supply voltage, Vs- (216b), according to whether a
logic ‘1’ or logic ‘0’ data bit is to be transmitted, respectively. The response of the switching
elements 214a, 214b to logic ‘1’ and logic ‘0’ transmit data bits may be reversed in an
alternative embodiment. Also, though not specifically shown, the output driver 211 may
additionally permit both switching elements to be driven to an open state thus present a high-
impedance (i.e., tri-stated) output to the signal line 205.

[0019] Continuing with Figure 2A, the receiving IC 203 includes a pair of load elements
227a, 227b coupled in series between respective signaling supply voltages 226a, 226b, again
shown as Vs+ and Vs- though these “receiver-side” signaling supply voltages may be
independently developed within the receiver IC 203 (and thus at different potentials than the
transmit-side signaling supply voltages 216a, 216b). Node 228, the point of series connection
between load elements 227a, 227b, is additionally coupled to a signal input of a receiver circuit
225 and to signal line 205 (i.e., via pad 231). By this arrangement, the load elements 227a,
2270b establish a load impedance through which a signal current may flow in response to
transmit-side coupling of the signal line to the Vs+ or Vs- signaling supply voltages (216a,
216Db), thereby developing a signal voltage, Vy, at the signal input of the receiver circuit. In the
particular embodiment shown, the receiver-side load elements 227a, 227b are each fixed or set
to 2Z,, twice the impedance, Z0, of signal line 205 (different impedance ratios may be used in
alternative embodiments). Consequently, when output driver 211couples the upper signaling

supply voltage, Vs+, to the signal output 219, current flows out of the transmitting IC 201 via
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the signal line to establish signaling current igig in the direction shown, and the resulting signal
voltage at the input of receiver circuit 225 (i.e., node 228) is given by:

Vi = Vs- + (Vs+ - V8-)*¥[2Zo/(Zo||2Z + 2Zy)] = Vs- + Ya(Vst - Vs-) (1),
where “*’ denotes multiplication and ‘|| denotes parallel impedances. Also, expression (1)
assumes that the receiver-side and transmit-side signaling supply voltages are nominally the
same (i.e., Vst nominally the same in both ICs, and Vs- nominally the same in both ICs), an
assumption carried forward in a number of embodiments described herein, though not required.
[0020] When output driver 211 couples the lower signaling supply voltage, Vs-, to the
signal output node 219, current flows into the transmitting IC 201 via the signal line (thus
establishing signaling current igig in a direction opposite that shown in Figure 2A) and the
resulting signal voltage at the input of receiver circuit 225 is given by:

Vi = Vs-+ (Vst - Vs-)*[Zo|[2Zo/(Z0|2Zo + 2Zy)] = Vs- + Ya(Vs+ - Vs-) (2).
Accordingly, the net signal swing between logic low and logic high transmit data values is
given by the difference between expressions (1) and (2) or:

Viwing = V8- + Y(Vst - Vs-) - Vs- + %(Vs+ - Vs-) = 145(Vst - Vs-) (3).
[0021] Still referring to Figure 2A, the receiver circuit 225 additionally receives a
reference voltage (i.e., at a reference voltage input coupled to reference plane 207 via reference
voltage input node 233) and includes circuitry to compare the reference and signal voltages
(Vrer and Vy) and to sample the comparison result during each of a sequence of signal
reception intervals (e.g., timed by a receive timing signal such as a clock signal or strobe
signal, not specifically shown). If the signal voltage, Vy, is determined to exceed the reference
voltage, Vrer, a sample having a first logic state (e.g., a logic ‘1°) is generated, and if the
reference voltage is determined to exceed the signal voltage, a sample having a second logic
state (e.g., a logic ‘0’) is generated. Further, by generating the transmit-side and receive-side

signaling supply voltages, Vs+ and Vs-, symmetrically above and below the reference voltage,
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such that upper signaling supply voltage Vs+ has a potential, Vs, above Vggr, and lower
signaling supply voltage Vs- has a potential, Vs, below Vggr, the total receiver-side signal
swing will have a magnitude, Vs, centered about Vrpr. That is,

Viswing = 72 (Vst - Vs-) =% (Vs + (-Vs)) = Vs (4).
Expressed as a differential relative to Vrgr, the input signal swings between £Vs/2 as shown at
234, swinging high to Vs/2 above Vggr (i.€., +Vs/2) to represent a logic ‘1’ and swinging low
to Vs/2 below Vrgr to represent a logic ‘0°. Thus, considering the complete signaling path, the
output driver 211 within transmitting IC 201 sinks and sources a signal current on single-ended
signaling line 205 in accordance with a sequence of transmit data values and thereby conveys a
corresponding sequence of symbols (indicated by the direction of the signal current flow) over
the signal line to the receiving IC 203. Within receiving IC 203, a signal voltage (V) that
swings symmetrically above and below a reference voltage (Vrer), is developed in response to
the signal current (whose alternating flow direction corresponds to the symbol conveyed), thus
enabling comparison of the signal and reference voltages to recover a sequence of received
data values (or data samples), RxD, that correspond to the originally transmitted data values.
[0022] Still referring to Figure 2A, the signaling supply voltage nodes within both the
receiving and transmitting ICs (216a/216b, 226a/226b) are coupled to the reference voltage
input (221, 233) to enable the AC (alternating-current) signal current flowing into or out of the
receiving IC 203 to be returned to or from the transmitting IC 201 via the reference voltage
plane 207. Figures 2B and 2C illustrate this complete-circuit, small-signal (or AC) current
flow for the current-sourcing (“pulling the signal line high) and current sinking (pulling the
signal line low) states of output driver 211, respectively. Referring to Figure 2A, for example,
the two receiver-side load elements 227a, 227b appear in parallel for purposes of small signal
analysis (thus presenting the small-signal equivalence model shown at 235 of Figure 2A in

which || denotes parallel elements) so that the incoming signal current is split substantially

-8



WO 2011/049693 PCT/US2010/049164

equally across the two termination load elements 227a, 227b. Capacitive elements 229a and
229b are coupled between the reference voltage input node 233 and respective upper and lower
signaling supply voltages at nodes 226a and 226b, and thus conduct the signal current to the
reference voltage input node 233, thereby enabling a signal-return current, irgt, that
corresponds to the signal current (igig) to flow back to the transmitting IC 201 via the reference
voltage plane 207 and the transmit-side reference voltage input 221. This same signal-current
and signal-return current flow occurs for the TxD=0 case shown in Figure 2C, but in the
opposite direction.

[0023] Within the transmitting 1C 201, the capacitive coupling of the signaling supply
voltage nodes 216a, 216b to the reference voltage input node 221 enables the signal-return
current to flow back to the current-sourcing or current-sinking signaling supply voltage. That
18, in the signal-current sourcing state shown in Figure 2B, the signal return current is
conducted from the reference voltage input 221 (from whence it arrives via the Vrgr plane
207) to the transmit-side Vs+ supply node 216a via capacitive element 217a. In the signal-
current sinking state shown in Figure 2C, the signal-return current is conducted from the
transmit-side Vs- supply node 216D to the reference voltage input 221 (thus to flow back to the
receiving IC 203 via the Vggr plane 207) via capacitive element 217b.

[0024] Reflecting on the overall nature of the single-ended signaling system illustrated in
Figures 2A-2C, it can be seen that centering of the signaling supply voltages about the
incoming reference voltage (Vrgr) effectively centers the incoming signal swing about the
reference voltage, thus avoiding the need for complex calibration circuitry or other
transmitter/receiver reference voltage agreement. Second, the power consumed by the
transmit-side push-pull output driver (i.c., signal driver circuit that alternately sources or sinks
a signaling current to convey an information-bearing signal) is substantially independent of the

data sequence being transmitted, thus potentially lowering switching noise within the signaling
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system 200 (thereby increasing signaling margin), particularly where Vs+ and Vs- are powered
by a common power supply as in embodiments discussed below. Further, the signal current
and a corresponding signal-return current are enabled to flow uniformly across substantially
parallel paths (i.e., signal line 205 and Vrgr plane 207) between the transmitting and receiving
ICs, thereby maintaining a substantially uniform impedance along the length of the single-
ended signal conductor 205 and thus avoiding impedance discontinuities (and the resulting
noise) that plague prior-art approaches.

[0025] Figure 3 illustrates a more detailed embodiment of a parallel-return-flow signaling
system 260 including elements described above and additionally having an exemplary an off-
chip reference voltage generator 279 and power supply 281, as well as on-chip signaling
supply voltage generators 271a, 271b within transmitting and receiving ICs 261 and 263.
[0026] In the embodiment shown, referred to herein as a “rail-centered” embodiment, the
reference voltage, Vrer, is developed approximately at the midpoint between upper and lower
power supply voltages. That is, the reference voltage is centered between the supply voltage
rails 282a, 282b, which are assumed for purposes of explanation to be at Vpp and ground
(though other supply voltages may be used in the embodiment shown or any of the other
embodiments disclosed herein). Also, the upper and lower signaling supply voltages, Vs+ and
Vs-, are generated at respective positive and negative ‘Vs’ offsets from the reference voltage,
where Vs is less than (Vpp-Gnd)/2 so that both signaling supply voltages are within the power
supply voltage range (i.e., Vst is less than Vpp and Vs- is above the ground voltage). By
centering the reference voltage (and bounding the signaling supply voltages, Vs+ and Vs-)
between the upper and lower power supply voltages in this manner, generation of any signaling
related voltages above VDD or below ground is obviated, simplifying design of the signaling
supply voltage generator and making it possible to employ relatively low-noise voltage

regulation circuitry to maintain the desired signaling supply voltages. Despite these

-10-



WO 2011/049693 PCT/US2010/049164

advantages, any practicable combination of reference and signaling supply voltages may be
generated and employed in alternative embodiments. For example, the upper or lower power
supply voltages (e.g., Vpp or ground, which may be provided to both ICs 261 and 263 via a
conductive plane or other extensive conductive layer disposed in a printed circuit board or
packaging substrate) may alternatively be used as the reference voltage. Also, as in the
embodiment of Figure 2A, the ratio and/or values of termination impedances 227a, 227b may
be changed as necessary to establish a desired receiver-side termination, particularly in cases
where Vg is not centered between upper and lower power supply voltages.

[0027] Continuing with the rail-centered embodiment of Figure 3, because both signaling
supply voltages, Vs+ and Vs-, are within the power supply voltage range, relatively low-noise
voltage regulation circuitry may be used to implement the signaling supply voltage generators
271a and 271b. Referring to detail view 295 of signaling supply voltage generator 271b, for
example, digitally-controlled current sources 301a and 301b (controlled by digital values Idac+
and Idac-, respectively) are provided to develop a current, Is, through a series-coupled pair of
matching resistive elements 303a, 303b (i.c., each having resistance, ‘R1’). The resistive
elements are coupled in common to Vggr at node 302, and the current sources 301a, 301b are
balanced (e.g., through one-time or periodic calibration, or through closed loop operation to
establish appropriate values of Idact+ and Idac-) so that negligible or no current flows to the
Vrer plane 207. By this arrangement, a voltage, Vs, is dropped across resistive element 303a
and again across resistive element 303b so that an upper and lower reference nodes 306a and
306b (Vs+’ and Vs-’) are driven to voltages that are ‘“Vs’ above and below Vg, respectively,
and thus to voltage levels symmetrically centered about Vggr. The reference nodes 306a, 306b
are coupled to respective closed-loop voltage regulation circuits 305a, 305b, each formed by a
differential amplifier (307a, 307b) and a current-conducting transistor (309a, 309b). The two

closed-loop regulation circuits 305a, 305b operate in generally the same manner, with the
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differential amplifier 307a, 307b biasing the corresponding current-conducting transistor
(309a, 309b) as necessary to maintain the regulator output (i.e., signaling supply voltage nodes
2264, 226b) at the potential provided on the corresponding reference node 306a, 306b. Thus,
closed-loop regulation circuit 305a enables transistor 309a to source current via regulator
output 226a as necessary to maintain a regulated voltage, Vs+, and closed-loop regulation
circuit 305b enables transistor 309b to sink current via regulator output 226b as necessary to
maintain a regulated voltage, Vs-. Capacitive elements 229a, 229b are shown at the output of
the signaling supply generator to illustrate the capacitive coupling of the reference voltage
input to the signaling supply voltage nodes 226a, 226b as shown in receiving IC 263
(capacitive elements 217a, 217b are coupled to the outputs of the signaling supply generator
271a in the same manner within transmit IC 261).

[0028] Still referring to Figure 3, an exemplary implementation of reference voltage
generator 279 is illustrated in detail view 296. In the embodiment shown, two matching
resistive elements 315a and 315b (each having resistive value R2) are coupled in series
between power supply rails 282a and 282b to form a resistor-divider that establishes Vggr at
the midpoint between Vpp and ground. In one embodiment, the reference voltage conductor
207 is implemented by a low impedance planar conductor (e.g., a conductive layer within or on
a surface of a multi-layer printed circuit board or within a multi-die integrated circuit package)
and the resistive elements 315a, 315b have relatively low impedances (e.g., series coupled 500
ohm resistors mounted to or formed on/within a printed circuit board or packaging substrate)
so that no voltage regulation circuitry is required to maintain a relatively stable voltage
reference. In alternative embodiments, for example where imbalance between the current
sources 301a and 301b is anticipated to produce an intolerably high leakage current into or out
of the VREF plane, or where it is desirable to employ a higher-impedance reference voltage

conductor (e.g., a trace or cable or other higher-impedance conductor than a planar conductive
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layer) or reference voltage generator, then a voltage regulator 316 may be provided to maintain
the reference voltage potential at a steady-state. More generally, any circuitry for generating
the reference voltage, including on-chip reference-voltage-generating circuitry within receiving
IC 263 and/or transmitting IC 261, may be used in alternative embodiments.

[0029] Figure 4 illustrates an embodiment of a parallel-return-flow signaling system in
which each of two signal-line-interconnected ICs 351 and 353 includes both signal
transmission and signal reception circuitry (i.e., transceiver circuitry) to enable bidirectional
chip-to-chip signaling. Within each of the ICs 351 and 353, the transceiver circuit is formed
by a receiver circuit 225a, 225b and a transmit/termination circuit 355a, 355b each powered by
signaling supply voltages Vs+/Vs- that are referenced to a voltage reference, Vrgr, as
discussed above. The reference voltage input 364 (coupled to an external voltage reference
plane 207 or other conductor) is also coupled to the upper and lower signaling supply voltage
nodes (Vs+, Vs-) by capacitive elements 217a, 217b (within IC 351) and 229a, 229b (within IC
353) as described above.

[0030] In one embodiment, the receiver circuits 225a, 225b within the two ICs operate
generally as described above to compare a signal voltage developed at signal input/output (1/0)
node 362 with a reference voltage, and to sample the comparison result at regular intervals to
generate a received data stream, RxD. The transmit/termination circuit performs the role of the
push-pull output driver of Figure 2A when a transmit-enable signal, TxEn, is asserted, and
switches to a termination state when the transmit enable signal is deasserted. This is shown
conceptually in the detail view of transmit/termination circuit 355a within IC 351
(transmit/termination circuit 355b within IC 353 may be identically implemented) by the
imposition of transmit-enable switching elements 357a, 357b between the upper and lower
signaling supply voltage nodes (respectively) and output driver 211, and by the imposition of

termination-enable switching elements 359a, 359b between the upper and lower signaling
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supply voltage nodes (respectively) and termination impedances 227a, 227b. The transmit-
enable switching elements 357a, 357b and termination-enable switching elements 359a, 359b
are responsive to complementary states of the transmit-enable signal so that, when the
transmit-enable signal is asserted (logic high in this example), the transmit-enable switches
357a, 3570 are switched to a conducting state (closed) and the termination-enable switches
359a, 359b are switched to an open (i.e., substantially non-conducting) state, thereby placing
the transceiver in a transmit mode by switchably coupling output driver 211 to the signaling
supply voltages nodes and decoupling the termination impedances 227a, 227b from the
signaling supply voltage nodes. Conversely, when the transmit-enable signal is deasserted, the
transmit-enable switches are opened and the termination-enable switches closed, thus
establishing a receive mode within the transceiver by switchably coupling the termination
impedances 227a, 227b to the signaling supply voltage nodes and decoupling output driver 211
from the signaling supply voltage nodes.

[0031] In one embodiment, shown in detail view 370, transmit/termination circuitry 355a
is implemented by a control logic circuit 371 and two banks of switching elements, 373a and
373b. In the particular embodiment shown, switch bank 373a is implemented by a set of P-
MOS (P-type metal-oxide-semiconductor) transistors coupled in parallel between signal 1/O
node 362 and the upper signaling supply voltage, Vs+, while switch bank 373b is implemented
by a counterpart set of N-MOS (N-type MOS) transistors coupled in parallel between signal
I/0 node 362 and the lower signaling supply voltage, Vs-. The gates of the P-MOS transistors
and N-MOS transistors are controlled by respective enable signals asserted and deasserted on
enable-signal lines 375a, 375b by the control logic circuit 371, thus enabling a desired
combination of N-MOS and/or P-MOS transistors to be switched to a conducting state (or
partially conducting state) and thus establish a desired transmit and/or termination state within

the transmit/termination circuit. More specifically, the number of P-MOS transistors switched
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to a conducting state controls the effective load between the upper signaling supply voltage,
Vs+, and signal 1/0 node 362, so that if a current-sourcing transmit state is required (i.e.,
TxEn=1, TxD=1), all the P-MOS transistors within switch bank 373a may be switched to a
conducting state to effect a low or negligible impedance between the upper signaling supply
voltage node and the signal I/O node, while all N-MOS transistors within switch bank 373b are
concurrently switched to a non-conducting state to decouple the lower signaling supply voltage
node from the signal I/O node. Conversely, if a current-sinking transmit state is required
(TxEn=1, TxD=0), all the N-MOS transistors may be switched to a conducting state and all the
P-MOS transistors may be switched to a non-conducting state. Further, if a receive mode is
required (i.e., TxEn=0), a subset of the NMOS transistors within switch bank 373a may be
switched to a conducting state (or to a partially conducting state) to establish a receive-mode
termination impedance corresponding to impedance element 227, and a subset of the N-MOS
transistors within switch bank 373b may likewise be switched to a conducting or partially
conducting state to establish a receive-mode termination impedance corresponding to
impedance element 227b. In one embodiment, the subset of N-MOS transistors and subset of
P-MOS transistors switched on during receive mode is controlled by a termination setting
“Tset” that may be programmed within a register of the host IC (i.e., the IC in which the
transmit/termination circuit resides), and that may be changed dynamically according to the
state of the signaling system to achieve stronger or weaker termination of the single-ended
signaling line 205. In the particular embodiment shown, for example, a termination control
signal, TCtl, is provided to the control logic to indicate whether a given transmission on the
signaling line 205 is intended to be received by the host IC (TCtl=1) or to be received instead
by another IC coupled to the signaling line (TCtl=0). When the intended recipient, a stronger
termination setting (lower impedance) indicated by Tsetl may be applied, and when not the

intended recipient, a weaker termination setting (higher impedance) indicated by Tset2 may be
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applied (the higher impedance to allow the signal to pass by without undue absorption of the
signaling energy). More or fewer termination settings may be applied in alternative
embodiments, with different or additional factors applied to determine the strength of the
termination. The precise termination value to be applied under a given state of the signaling
system may be established by selection of one of a fixed number of permissible enable-signal
combinations, or through production-time or run-time testing (calibration). For example, one
of a fixed number of termination settings may be determined during production-time or run-
time (or pre-selected) and programmed within a register of the host IC by a control device such
as a programmed-processor. Alternatively, a signal quality metric may be evaluated for
different termination settings to enable identification and selection of termination setting(s)
that yield a maximized (or near-maximized) value of the metric. Further, though the individual
P-MOS transistors (and N-MOS transistors) within switch banks 373a and 373D are depicted as
being identical, the transistors controlled by respective enable-signal lines 375a, 375b may be
differently sized (e.g., having differently-sized footprints and/or formed by different numbers
of ganged transistors having commonly coupled gates) to establish a set of weighted switching
transistors. For example a set of N binary-weighted switching transistors (the smallest having
unit size ‘x’, followed by transistors having sizes 2x, 4x, 8x, ..., 2™"'x) may be provided and
controlled by respective enable-signals to enable selection of 2™-1 different impedance
settings.

[0032] Still referring to Figure 4, the transmit-enable signal, TxEn, may be asserted and
deasserted by control logic within the host IC (not specifically shown) in response to self-
generated state information and/or control signals received from an external source. For
example, in one embodiment, IC 351 is a memory controller that includes control logic (or
“core logic”) to raise and lower the transmit-enable signal in response to memory access

requests received from a host device, thereby enabling transmission of memory access
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commands and write data to IC 353 and receiving read data from IC 353. In such an
embodiment, IC 353 may be any type of memory IC (e.g., a static random access memory
(SRAM), dynamic RAM (DRAM), Flash memory, etc.) having control logic that responds to
incoming commands (e.g., signaled over the single-ended signaling links) by raising and
lowering a local transmit-enable signal to enable receipt of write data and transmission of read
data.

[0033] While parallel-return-flow signaling embodiments have thus far been described in
the context of two ICs coupled to one another via a solitary single-ended signaling line, two or
more ICs may be interconnected by any number of single-ended signaling lines, all or any
subset of which may share a reference voltage conductor as a signal current-return path.
Figure 5 illustrates such a signaling system 390 in which two ICs 391 and 393 (and, optionally,
any number of additional ICs) are interconnected by a generalized number (n) of single-ended
signaling lines, 207,-207,.1, and at least one reference voltage conductor 207 (depicted for
example as a planar conductor). Within ICs 391 and 393, the signaling lines 2071-207n-1 are
coupled to respective transceiver circuits implemented by a transmit/termination circuits
(355a9-355a,1 within IC 391 and 355by-355b,,.; within IC 393) and receiver circuits (225a,-
225a,; within IC 391 and 225,(-225b,_; within IC 393), each of which operates generally as
described in reference to Figure 4. As shown, a signaling supply voltage generator 371a, 371b
within each IC generates signaling supply voltages (Vs+, Vs-) on nodes that are coupled to the
reference voltage input as described above (e.g., by capacitive elements 217a/217b within IC
391 and by capacitive elements 229a/229b within IC 393) and that are coupled in common to
(and thus shared by) each of the transceivers. In alternative embodiments, one or more
additional reference voltage planes 207 and/or signaling supply voltage generators (within
either or both ICs 391 and 393) may be provided for respective subsets of single-ended

signaling lines 207. Also, if one or more of the signaling lines is to be unidirectionally driven
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(i.e., bidirectional signaling not required), a transmitter and receiver may be provided with the
transmitting and receiving ICs, respectively, instead of the transceivers shown. For example,
in a memory system implementation in which IC 391 is a memory controller and IC 393 is a
memory device (which may be one of multiple memory devices disposed on a printed circuit
board such as a memory module substrate or printed circuit board, or disposed within a multi-
die IC package), a subset of the single-ended signaling lines 207 may be deployed as memory
command/request/control lines or address lines in which signals flow only from the memory
controller to the memory device (i.e., unidirectionally), while others of the single-ended signal
lines 207 may be bidirectional data lines to convey write data from the memory controller to
the memory device, and read data from the memory device to the memory controller. In such
an embodiment, the core logic 395 within IC 391 may include a command/request queue to
queue memory access commands in response to requests from a host device (e.g., a processor
or other memory-access requestor) and corresponding read and write data buffers to buffer data
being routed from the host device to the memory IC 393 and vice-versa. By contrast, the core
logic 397 within the memory IC 393 may include control circuitry for responding to incoming
memory access commands (and maintenance commands) together with a core storage array to
enable data storage and retrieval in response to signals issued by the control circuitry. The
core logic within both or either of the ICs 391, 393 may additionally include run-time or
production-time programmable registers to support various operating modes within the IC,
including the above-described termination control settings. More generally, the core logic
within the two ICs 391 and 393 may be dedicated to any function that involves chip-to-chip
information exchange. Further, the single-ended signaling lines shown are not limited to
conveyance of information-bearing signals, and instead may provide timing control as in the

case of strobe or clock signals or otherwise perform any needed function. Also, while only
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single-ended signal lines are shown in system 390, any combination of such single-ended
signal lines and differential lines may be provided in alternative embodiments.

[0034] Returning briefly to the embodiment of Figure 3, another advantage of maintaining
signaling supply voltages within the power supply voltage range, is that legacy signaling
modes that involve signaling levels within the power supply voltage range may be more casily
supported. Figure 6, for example, illustrates an embodiment of a multi-mode transceiver 401
in which a mode register 403 of the host IC may be programmed to enable operation in either
the rail-centered (push-pull) signaling mode described in reference to Figure 3, or in a current-
sourcing mode, referred to herein as Vppio signaling mode, or in a current-sinking mode,
referred to herein as a ground signaling mode. In the particular embodiment shown, the mode
register 403 includes a pair of mode-select bits, MSell and MSel0, which are coupled
respectively to the gates of regulator-bypass transistors 407a, 407b. Regulator-bypass
transistor 407a is coupled between the gate of current-conducting transistor 309a (part of the
closed-loop regulator 305a described in reference to Figure 3) and ground, and regulator-
bypass transistor 407b is coupled between the gate of current-conducting transistor 309b (part
of closed-loop regulator 305b) and Vpp. By this arrangement, if either of the mode-select bits
1S in a state that switches the corresponding regulator-bypass transistor 407a or 407b to a
conducting state (i.e., MSel0 = 1 or MSell = 0), the corresponding voltage regulator 305a or
305b is effectively disabled and the corresponding signaling supply voltage node 410a or 410b
is switchably coupled (via current-conducting transistor 309a or 309b) to a power supply rail.
That is, if MSel0 and MSell are both programmed to logic ‘1’ values, the upper signaling
supply voltage node 410a is coupled to Vpp (or to a lower 1/0 voltage, Vppio) via the operation
of bypass transistor 407a and current-conducting transistor 309a, thereby enabling a legacy
Vbppio signaling mode in which the signal swings between Vpp (or Vppio) and —Vs/2 as shown

at 416. By contrast, if MSel0 and Msell are both programmed to logic ‘0’ values, the lower
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signaling supply voltage node 410b is coupled to ground (or Vg, or whatever potential is
provided as the lower power supply voltage) to enable a legacy signaling mode (ground
signaling mode) in which the signal swings between the lower power supply potential (ground
in this example) and +Vs/2 as shown at 417. If MSell is programmed to ‘0’ and MSelO is
programmed to ‘0’, then both bypass transistors 407a, 407b are switched to a non-conducting
state to enable the rail-centered, push-pull signaling mode shown at 415 and described above in
reference to Figure 3. In both Vppio signaling mode and ground signaling mode, the reference
voltage may be generated at a potential that corresponds to the approximate midpoint of the
signal swing. Also, even in the legacy signaling modes, the capacitive coupling between the
signaling supply voltage nodes 410a and 410b to reference voltage node 364 (i.c., via
capacitive elements 217a and 217b, respectively) may be used to enable parallel-return-flow
signaling, with the signal flowing in or out of the transceiver circuit via signal I/O node 362
being returned from or to the transceiver circuit via reference voltage input 364.

[0035] It should be noted that the various circuits disclosed herein may be described using
computer aided design tools and expressed (or represented), as data and/or instructions
embodied in various computer-readable media, in terms of their behavioral, register transfer,
logic component, transistor, layout geometries, and/or other characteristics. Formats of files
and other objects in which such circuit expressions may be implemented include, but are not
limited to, formats supporting behavioral languages such as C, Verilog, and VHDL, formats
supporting register level description languages like RTL, and formats supporting geometry
description languages such as GDSII, GDSIII, GDSIV, CIF, MEBES and any other suitable
formats and languages. Computer-readable media in which such formatted data and/or
instructions may be embodied include, but are not limited to, computer storage media in
various forms (e.g., optical, magnetic or semiconductor storage media, whether independently

distributed in that manner, or stored "in situ" in an operating system).
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[0036] When received within a computer system via one or more computer-readable
media, such data and/or instruction-based expressions of the above described circuits may be
processed by a processing entity (e.g., one or more processors) within the computer system in
conjunction with execution of one or more other computer programs including, without
limitation, net-list generation programs, place and route programs and the like, to generate a
representation or image of a physical manifestation of such circuits. Such representation or
image may thereafter be used in device fabrication, for example, by enabling generation of one
or more masks that are used to form various components of the circuits in a device fabrication
process.

[0037] In the foregoing description and in the accompanying drawings, specific
terminology and drawing symbols have been set forth to provide a thorough understanding of
the present invention. In some instances, the terminology and symbols may imply specific
details that are not required to practice the invention. For example, any of the specific numbers
of bits, signal path widths, signaling or operating frequencies, component circuits or devices
and the like may be different from those described above in alternative embodiments. In other
instances, well-known circuits and devices are shown in block diagram form to avoid
obscuring the present invention unnecessarily. Additionally, the interconnection between
circuit elements or blocks may be shown as buses or as single signal lines. Each of the buses
may alternatively be a single signal line, and each of the single signal lines may alternatively
be buses. Signals and signaling paths shown or described as being single-ended may also be
differential, and vice-versa. A signal driving circuit is said to “output” a signal to a signal
receiving circuit when the signal driving circuit asserts (or deasserts, if explicitly stated or
indicated by context) the signal on a signal line coupled between the signal driving and signal
receiving circuits. The expression “timing signal” is used herein to refer to a signal that

controls the timing of one or more actions within an integrated circuit device and includes

21-



WO 2011/049693 PCT/US2010/049164

clock signals, strobe signals and the like. “Clock signal” is used herein to refer to a periodic
timing signal used to coordinate actions between circuits on one or more integrated circuit
devices. “Strobe signal” is used herein to refer to a timing signal that transitions to mark the
presence of data at the input to a device or circuit being strobed and thus that may exhibit
periodicity during a burst data transmission, but otherwise (except for transition away from a
parked condition or other limited pre-amble or post-amble transition) remains in a steady-state
in the absence of data transmission. The term “coupled” is used herein to express a direct
connection as well as a connection through one or more intervening circuits or structures.
Integrated circuit device “programming” may include, for example and without limitation,
loading a control value into a register or other storage circuit within the device in response to a
host instruction and thus controlling an operational aspect of the device, establishing a device
configuration or controlling an operational aspect of the device through a one-time
programming operation (e.g., blowing fuses within a configuration circuit during device
production), and/or connecting one or more selected pins or other contact structures of the
device to reference voltage lines (also referred to as strapping) to establish a particular device
configuration or operation aspect of the device. The terms “exemplary” and "embodiment" are
used to express an example, not a preference or requirement.

[0038] While the invention has been described with reference to specific embodiments
thereof, it will be evident that various modifications and changes may be made thereto without
departing from the broader spirit and scope. For example, features or aspects of any of the
embodiments may be applied, at least where practicable, in combination with any other of the
embodiments or in place of counterpart features or aspects thereof. Accordingly, the

specification and drawings are to be regarded in an illustrative rather than a restrictive sense.
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What is claimed is:

1. A method of operation within an integrated circuit device, the method comprising:
receiving a first signal having a time-varying current via a signal input node;
receiving a reference voltage via a reference voltage input node;
comparing a time-varying voltage that corresponds to the time-varying current with the
reference voltage to recover digital information indicated by the time-varying
current; and

conducting at least part of the time-varying current via the reference voltage input node.

2. The method of claim 1 further comprising conducting the time-varying current through a

load to develop the time-varying voltage.

3. The method of claim 1 wherein conducting the time-varying current via the reference
voltage input node comprises conducting the time-varying current from the signal input

node to the reference voltage input node.

4.  The method of claim 1 wherein receiving a reference voltage via a reference voltage
input node comprises receiving a power supply voltage via the reference voltage input,
and wherein comparing a time-varying voltage with the reference voltage comprises
comparing a time-varying voltage that swings above and below the power-supply voltage

with the power-supply voltage.

5. The method of claim 1 further comprising receiving upper and lower power supply
voltages via respective supply voltage nodes, and wherein the reference voltage is above

the lower power supply voltage and below the upper power supply voltage.
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10.

The method of claim 1 further comprising outputting a second signal having a time-
varying current via the signal input node, the time-varying current of the second signal
being representative of digital information to be conveyed to a device external to the

integrated circuit device.

The method of claim 6 further comprising generating an upper signaling supply voltage
that is above the reference voltage and a lower signaling supply voltage that is below the
reference voltage, and wherein outputting a second signal having a time-varying current
via the signal input node comprises switchably coupling either the upper signaling supply
voltage or the lower signaling supply voltage to the signal input node according to the

state of data values to be transmitted.

A method of operation within an integrated circuit device, the method comprising:

receiving a reference voltage via a reference voltage input node;

outputting a first signal having a time-varying current via a signal output node, the first
signal having a voltage swing substantially centered about the reference voltage;
and

receiving a time-varying return current that corresponds to the time-varying current of the

first signal via the reference voltage input node.

The method of claim 8 further comprising generating upper and lower signaling supply

voltages that are substantially centered about the reference voltage.

The method of claim 9 wherein generating upper and lower signaling supply voltages
comprises generating the upper signaling supply voltage on a first signaling supply node

and generating the lower signaling supply voltage on a second signaling supply node, the
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11.

12.

13.

14.

method further comprising conducting at least part of the time-varying return current via

the first and second signaling supply nodes.

The method of claim 10 wherein conducting at least part of the time-varying return
current via the first and second signaling supply nodes comprises conducting the at least
part of the time-varying return current via the first and second signaling supply nodes

using a capacitive coupling.

The method of claim 9 further comprising receiving upper and lower power supply
voltages via respective power supply inputs, and wherein generating upper and lower
signaling supply voltages that are substantially centered about the reference voltage
comprises generating an upper signaling supply voltage that is lower than the upper
power supply voltage and generating a lower signaling supply voltage that is higher than

the lower power supply voltage.

The method of claim 8 wherein outputting a first signal having a time-varying current
comprises outputting a first signal in which a first current flows out of the integrated
circuit device via the signal output node to represent a first state of a transmitted symbol
and in which a second current flows into the integrated circuit device via the signal
output node to represent a second state of a transmitted symbol, and wherein the first

current and the second current have substantially equal magnitudes.

An integrated circuit device comprising
a signal input node to receive a first signal having a time-varying current;
a reference voltage input node to receive a reference voltage from an external source;

a signal receiving circuit to compare a time-varying voltage that corresponds to the time-
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15.

16.

17.

18.

varying current with the reference voltage to recover digital information indicated
by the time-varying current; and

capacitive coupling between the signal input node and the reference voltage input node to
conduct at least part of the time-varying current via the reference voltage input

node.

The integrated circuit device of claim 14 further comprising a load through which the

time-varying current is conducted to develop the time-varying voltage.

The integrated circuit device of claim 14 further comprising supply voltage inputs to
receive upper and lower power supply voltages from an external power supply, and
wherein the reference voltage is above the lower power supply voltage and below the

upper power supply voltage.

The integrated circuit device of claim 14 further comprising a transmit circuit to output a
second signal having a time-varying current via the signal input node, the time-varying
current of the second signal being representative of digital information to be conveyed to

a device external to the integrated circuit device.

The integrated circuit device of claim 17 further comprising a signaling supply voltage
generator to generate an upper signaling supply voltage greater than the reference voltage
of an upper signaling supply voltage node and a lower signaling supply voltage less than
the reference voltage on a lower signaling supply voltage node, and wherein the transmit
circuit includes a first switching element to couple the upper signaling supply voltage
node to the signal input in response to a first state of a transmit data value and a second

switching element to couple the lower signaling supply voltage node to the signal input in
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19.

20.

21.

22.

23.

response to a second state of the transmit data value.

The integrated circuit device of claim 14 further comprising a storage array to store the

digital information indicated by the time-varying current.

An integrated circuit device comprising:

an output driver to develop a first signal having a time-varying current using upper and
lower signal supply voltages and to output the first signal from the integrated circuit
device;

a reference voltage input node to receive a reference voltage from an external reference
voltage source and to conduct a time-varying return current that corresponds to the
time-varying current of the first signal, the reference voltage being lower than the

upper signal supply voltage and higher than the lower signal supply voltage.

The integrated circuit device of claim 20 further comprising a capacitive coupling
between the reference voltage input node and the output driver to conduct at least part of

the time-varying return current.

The integrated circuit device of claim 20 further comprising a signaling supply voltage
generator to generate the upper and lower signaling supply voltages that are substantially

centered about the reference voltage.

The integrated circuit device of claim 22 wherein the output driver to output a first signal

having a time-varying current from the integrated circuit device comprises:

a first switching element to couple a signal output node of the integrated circuit device to
the upper signaling supply voltage in response to a first state of a transmit data

value; and
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24.

25.

26.

27.

a second switching element to couple the signal output node of the integrated circuit
device to the lower signaling supply voltage in response to a second state of a

transmit data value.

The integrated circuit device of claim 23 wherein the upper signaling supply voltage is
coupled to the reference voltage input node via a first capacitive element, and the lower
signaling supply voltage is coupled to the reference voltage input node via a second

capacitive element.

The integrated circuit device of claim 20 further comprising a storage array, and wherein
the a first signal having a time-varying current is indicative of information retrieved from

the storage array.

A signaling system comprising:

a signal conductor;

a reference voltage conductor to convey a steady-state reference voltage;

a first integrated circuit having an output driver to enable a time-varying current to flow
on the signal conductor in response to a sequence of transmit data values;

a second integrated circuit having a signal receiver coupled to the signal conductor and
the reference voltage conductor and including circuitry to compare a time-varying
voltage that corresponds to the time-varying current with the steady-state reference
voltage, the second integrated circuit device further having a capacitive element to
conduct at least part of the time-varying current received via the signal conductor

out of the integrated circuit device via the reference voltage conductor.

An integrated circuit device comprising:
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28.

a signal input node and a reference voltage input node;

means for receiving a first signal having a time-varying current via the signal input node;

means for receiving a reference voltage via the reference voltage input node;

means for comparing a time-varying voltage that corresponds to the time-varying current
with the reference voltage to recover digital information indicated by the time-
varying current; and

means for conducting at least part of the time-varying current out of the integrated circuit

device via the reference voltage input node.

An integrated circuit device comprising:

a signal output node and a reference voltage input node;

means for receiving a reference voltage via the reference voltage input node;

means for outputting a first signal having a time-varying current via the signal output
node; and

means for receiving a time-varying return current that corresponds to the time-varying

current of the first signal via the reference voltage input node.
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