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(57) Abstract: Techniques for non-deterministic operation of a stacked memory
system are provided. In an example, a method of operating a memory package
can include receiving a plurality of memory access requests for a channel at
a logic die, returning first data to a host 1n response to a first memory access
request of the plurality of memory access requests, returmng an indication of
data not ready to the host in response to a second memory access request of the
plurality of memory access requests for second data, returning a first index to the
host with the indication of data not ready, returning an indication data 1s ready
with third data in response to a third memory access request of the plurality of
memory access requests, and returmng the first index with the indication of data
ready.
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TECHNQUES FOR NONMN-DETERMINISTIC OPERATIONOF A
STACKED MEMORY S5YSTEM

PRIORITY AND RELATED APPLICATIONS
This application claims the benefit of priority o Pawlowski, ULS.
Provisional Patent Application No.: 02/933,821, itled, “"TECHNIQUES FOR N{ON-
DETERMINISTIC OPERATION OF ASTACKED MEMORY SYSTEM, filed

December 20, 2019, which 1s hereby incorporated by reference herein in ifs entirety.,

TECHNICAL FIELD
The following relates generally to operating a memory array and more

specifically to increasing bandwidth of a stacked mermory device.

BACKGROUND

Memory devices are widely used (o store information 1n varipus electronic
devices such as computers, wireless communication devices, cameras, digital
displays, and the like. Information s stored by programuing different states of a
memory device. For example, binary devices have two states, ofien denoted by a
logic “17 or a logic 0.7 In other systems, more than two states roay be stored. To
access the stored information, a component of the electronic device may read, or
sense, the stored state 1 the mernory device. To store information, a component of
the electronic device may write, or program, the state 1wy the memory device.

Yarious types of memory devices exist, including magnetic hard disks,
random-access memory (RAM), read only memory (ROM), DRAM, synchronous
dynamic RAM (SDRAM), {erroelectric RAM (FeRAM). magnetic RAM (MRAM),
resistive RAM (RRAM), tlash memory, phase change memory (PUM), and others.

Memory devices may be volatile or non-volatile.
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fmproving memory devices, generally, may include increasing memory cell
density, increasing read/write speeds, mcreasing rehiability, increasing data
retention, reducing power consumption, or reducing manufacturing costs, among
other metrics. Advancing memory technology has realized improvements for many
of these metrics, however, as mnprovernents in processing speed are developed,
memory bandwidth can become a bottieneck to overall system performance

improvements.

BRIEF DESCRIPTION OF THE DRAWINGS

in the drawings, which are not necessarily drawn to scale, like numerals may
describe similar components in different views. Like numerals having different
letter suflixes may represent different mnstances of sstmilar components. The
drawings iliustrate generally, by way of example, but not by way of linutation,
various embodiments discussed in the present document.

FI(G. 1 illustrates an example of a memory die that supports features and
operations in accordance with examples of the present disclosure.

FIG, 2 illustrates generally an examiple of a device that supports features and
operations i accordance with examples of the present disclosure.

FIG. 3 dlustrates generally an example storage system including a host
device that can request and receive mformation from the storage system according
to the present subject matier.

Fi(. 4 illustrates generally and example time line of information flow
between a host and a channel of an example memory package according to the
present subject matter,

FI(G. 5 idlustrates generally and example method of operating a memory
device according to the present subject matier.

FIG. 6 ilustrates an example method of operating a host according to the

present subject matter.

L
LS
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HIG. 7 dlustrates generally a diagram of a system mcluding a device that
supports a storage system including stacked DRAM devices in accordance with
aspects disclosed herein.

DETAILED DESCRIPTION

Techniques for non-determmstic operation of a stacked memory sysier are
provided. In an example, a method of operating a memory package can mclude
recerving a plurality of, or mulfiple, memory access requests for a channel at a logic
die, returning hirst data to a host 1o response to a first memory access request of the
plurahity of memory access requests, returning an indication of data not ready {o the
host 1o response to a second memory access request of the plurality of memory
access requests for second data, returning a first index to the host with the indication
of data not ready, returning an indication data 1s ready with third data in response {0
a third memory access request of the plurality of memory access requests, and
returming the hrst index with the indication of data ready.

FI(. 1 1s a schematic diagram of an example memory package 110 including
an interface (1) chip 106, or circuit, and multipie of core chips 100, For example,
the memory package 100 may be a 3D memory device, such as an high-bandwidth
memory (HBM), a hyper memory cube (HMC), a Wide-IO DRAM eic. The
memory package 110 18 formed by stacking chips vertically, as shown 1 FiG. 1.
The stacked chips may include two stacks 12 and 13 each assigned with a stack 1D
07 and T, respectively. Each stack 12 and 13 may include core chips 12ato 12 d
and 13 ato 13 d, respectively. In certain cxamples, each stack can have a number
rufiple bt chanoels per chip. In certain examples, each multiple bit channel can
include at least 128 bits {or a width of 1024 bits or more across eight channels, The
interface (IF) chup 11 of the memory package 110 may provide an interface with the
multiple mput/output channels. In certain examples, each of the channels can
function independently ol each other between the core chips 12 ato 12 dand 13 ato
13 d and a host device that may be a mermory controller (not shown). The IF chip

106 may couple each channel to the host device via a number of data gueues (D{Js).
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Fach channel may include mulfiple memory cells and circuttnies accessing the
memory cells. For exampie, the memory celis may be DRAM memory celis.

Fi(. 2 dllustrates an apparatus or system 290 that supports channel routing
for a memory package in accordance with various examples disclosed herein. The
system 290 may mclude a host device 203 and muliiple memory packages 210, o
conventional systems, the plurality of memory devices are of the same type, such as
DRAM memory devices. In certain examples, the memory devices can include a
mix of capacitive based memory devices such as BRAM memory devices and ¢cross-
iinked inverter memory devices such a SRAM memory devices, The present
inventor has recognized that bandwidth improvements can be realized if the host has
access (o a second, faster type of memory, such as SRAM memory.

The host device 203 may be an example of a processor {(¢.g., a central
processing umit (CPU), a graphics processing unit (GPU)), or a system on a chip
{(5o(). In some cases, the host device 205 roay be a separate component from the
memory device such that the host device 205 may be manufactured separately from
the memory device. The host device 205 may be exiernal to the memory device 210
{e.g., a laptop, server, personal computing device, smartphone, personal computer).
in the system 290, the memory packages 210 may be configured {o store data for the
host device 203.

FThe host device 203 may cxchange imformation with the memory packages
210 using signals communicated over signal paths. A sigonal path may be a path that
a message or transinission may take from a fransmutfing component (0 a receiving
component. In some cases, a signal path may be a conductor coupled with at least
two components, where the conductor may selectively allow electrons to flow
between the at least two components. The signal path may be formed 1in a wireless
medium as in the case for wireless communications {e.g., radio frequency (R¥F) or
opiical). The signal paths may at lecast partially mnclude a first subsirate, such as an
organic substrate of the memory device, and/or a second substrate, such as a
package substrate {(e.g., a second organic subsirate) that may be coupled with at least

one, i not both, of the memory device 210 and the bost device 205, In some cases,

4
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the memory package 210 may function as a slave-type device to the host device
203, which may function as a master-type device.

In some applications, the svstem 290 may benefit from a hngh-speed
connection between the host device 203 and the memory devices 210, As such,
some memory packages 210 support apphications, processes, host devices, or
processors that have multiple terabytes per second (TB/s) bandwidih needs.
Satisiving such a bandwidth constraint within an acceptable energy budget may
pose challenges in certain contexis,

The memory dies 200 of the memory packages 210 may be conligured {o
work with muitiple types of commumcation mediums 211 {(e.g., substrates such as
organic subsirates and/or high-density miferposers such as silicon mferposers). The
host device 205 may, m some cases, be configured with an interface or ball-out
comprising a design {e.g., a mairix or pattern) of terminals.

In some cases, a buffer laver may be positioned between the memory dies
200 and the communication medium 211, The butfer layer may be configured o
drive {e.g., redrive) signals to and {rom the memory dies 200. In some cases, the
stack of memory dies 200 may be bulterless meaning that either no buller layer 18
present or that a base layer does not include re-drivers, among other components. In
certain examples of butterless memory, a routing layer or logic die 206 may be
positioned between the memory die 200, or stack of memory die 200 and the
communication medium 211, In certain examples, the logic die 206 can form a
lower laver of a memory die 200. In certain examples, a butferless memory package
210 can mclude a lower most memory die 200 having a logic die layer 206,

HI(G. 3 dlustrates generally an example storage system 391 mcluding a host
device 300 and a memory package 310. The host 305 can request and receive
information {rom a memory package 310 according o the present subject matier
using a bus external (o the memory package. The host device 303 may be, but 15 not
limited o, a CPU, graphics processing unat (GPLU), accelerated processing unat
(GPU), digital signal processor {D8P), Lield-programmabie gate array (FPGA),

application specilic integrated civcunt {(ASIC) and any other component of a larger

5
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system that communicates with the storage system 31}, In some embodiments, the
device 305 may be multiple devices accessing the same storage sysiem 310, The
memory package 310 can include a logic die 306 integrated with a memory stack
320}, such as a stack of dynamic random-access memory (DBRAM) devices.

The logic die 306 can include a host interface 331 connected to a stacked
DRAM control 332 and prefetch and cache logic 333, The stacked DRAM control
332 is connected to and mterfaces with the memory stack 320. The prefeich and
cache logic 333 can be connected with a pretetcher, prefetch butfers and a cache
array 334, The prefetcher may be a hardware prefetcher. The prefetch buffers and
cache array 334 may be, but 18 not himited fo, an SRAM array, or any other memory
array technology, or a register with fasier access speeds than the tyoe of memory
used in the memory stack 320,

The host interface 331 can include a command decoder 333 and interface
registers 336. The hostnterface 331, and more specifically, the comumand decoder
333 can recerve all incoming memory requests to the memory stack 320 from the
host 305, The reguests can be sent {0 the prefetch and cache logic 333, (for exampie,
next-line, stride, and the like}. The prefetch and cache logic 333 can monitor the
incoming memory requests. Prefetched data can be placed mto the prefetch bufiers
and cache array 334, The prefeich and cache logic 333 can aiso check any mcoming
nmemory requests against the data n the prefetch bulters and cache array 334, Any
hifs can be served divectly from the prefetch bullers and cache array 334 without
going to the stacked DRAM control 332, This can reduce service latencies for these
reguests, as well as reduce contention mn the stacked DRAM control 332 of any
remaining requests, {1.e., those that do not hit in the prefetch bullers and cache array
334).

The prefetcher may encompass any prefeiching algorithoy/method or
combination of algorithms/methods. Due o the row-bulfer-based organization of
most memory technologies, (Tor example, DRAM), prefetch algorithms that exploit
spatial locality, (for example. next-line, small strides and the like), have relatively

low overheads because the prefetch requests will (hkely) hit in the memory's row

.
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buffer(s). Implementations may 1ssue prefetch reguests tor large biocks of data, (i.e.,
more than one 648 cache line's worth of data), such as prefetching an entire row
bulter, hall of a row butier, or other granularities,

The prefetch bulfers and cache array 334 may be impiemented as a direct-
mapped, set-associative, (o a fully-associative cache-hike structure. In an
embodiment, the prefetch bulfers and cache array 334 may be used to service only
read requests, (Le., writes cause mnvahidations of prefetch buffer entries, or a write-
through policy must be used}. In another embodiment, the prefetch bulfers and
cache array 334 may employ replacement policies such as Least Recently Used
(L.RU), Least Freguency Used (LELUY, or First-In-First-Out (FIFO), I the prefetch
unit gencrates requests {for data sizes larger than a cache line, the prefeich buffers
and cache array 3324 may also need to be organized with a correspondingly wider
data block size. In some embodiments, sub-blocking may be used.

While described herein as being emploved 1 a memory organization
consisting of one logic chip and one or more memory chips, there are other phiysical
manifestations. Although described as a vertical stack of a logic die with one or
more memory chips, another embodiment may place some or all of the logic on a
separate chip horizontally on an interposer or packaged together in a mulii-chip
module (MOCM). More than one iogic cinp may be included 1n the overall stack or
Sy stem.

As discussed above, the prefeich and cache logic 333 can also check any
incoming memory requests agamst the data in the prefetch buifers and cache array
334, Any hits can be served divectly from the preletich butfers and cache array 334
without going to the stacked DRAM control 332, This can reduce service latencies
{or these requests, as well as reduce contention in the stacked DRAM control 332 of
any remaining requests. However, prefetchy or cache misses can still occur.
{onvenitional architectures provide a data error (DERR) indication at the host
interface for each channel of the mermory stack when a reguest cannot be serviced.
When a read request, for example, of the host fails {o hit data associated with the

prefeich or the catch, the host mteriace indicates the cache muss by setting the data
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crror { DERR ) indication tor the corresponding channel to a respective logic level.
Upon secing the indication of the data error, the host typically moves to the nexi
access reqguest and then reissues the faled reguest at some later fume.

The present inventor has recognized that a logic die having a memory-side
SKAM cache as descrnibed above can operate to assist and umprove accessing
memory data after a missed access request. In this context a “missed access
reguest’ 1s one that the mermory inlerface receives but 1s unable (o process from the
cache at that time. In certain examples, the system 391 can take advantage of the
burst length of the memory system (0 encode addifional information associated with
nmiissed access requests. Oenerally, burst length 1s the number of clock ¢ycles a
channel uses to exchange mformation across the data queues (DQs). In the example
discussed above with respect o FIG. 1, a channel width of 32 can require eight
clock cycles to provide a 128 bit channel length word, so the burst length 15 eight.
in certain examples, each cycle of a burst length can use the physical data ervor
(DERR) bit of each channel I/0O to convey ¥ bits worth of information about, for
example, a frue data error, whether a prior reguest 1s ready, and an mdex associated
with a missed request. The eight bits can be transmutied serially during a burst using
the physical data error bit of each channel /0. As an example, the serial
communtcated bifs of the physical data error V0 pomnt (DERK) can be assigned as
foliows:

Bit Function
U data error
i not Ready
2 alert
3

3-7 ndex

it 1s understood that other sequences of bifs assignments are possible without
departing from the scope of the present subject matter. The “data ervor” function a
ittie different than conventional methods in that when a request cannot be serviced

and will not be serviced, the data error bit can be activated. In such a scenario, upon

&
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receiving a “data error’ indication atter making a memory access request, the host
will need o re-issue the memory access request at least once.

The “not ready” function, or bit, can be activated when a request 15 a missed
reguest. For example, the “not ready’ function/bit, can be activated when the
reguest 18 recerved, the request 1s not able to service by the cache, but the intertace
plans {o attempt to read the data associated with the missed request to the cache in
the near future. In addifion to activating the “not ready” function/bit, the imndex bits
{e.g., 3-7) can provide an index number associated with the missed request on that
channel. The index number can be used by the host {o track and later capture the
corresponding data associated with the prior myssed reguest.

The “alert” tunction, or bif, can be activated when data associated with a
prior mussed reguest 1s available w the cache. In addifion, when the alert function/but
18 activated, the index bits can provide an index number corresponding (o the missed
request. In some examples, the host interface can provide the data in an inferval
iminediately tollowing the activation of the corresponding “alert” function. In some
example, the “alert” function can re-inifiate the missed read access reguest
associated with the index to get the corresponding data. In certain examples, the
cache can mnclude a hist of index numbers associated with pending reguests.

in the above example, the burst length allows for [ive index bis. As such.
each channel can have up to 32 {e.g., 2”) missed requests pending at any one time.
in some examples, some of the mndex numbers can be assigned {o convey other
information and thus, the number of pending miissed reguests can be fess. In
addition, an example memory system can have a burst length or channel widih
different than the example above without departing {rom the scope of the present
subject matter.

FI(. 4 dllustrates generally and example time hine 400 of information {low
between a host 305 and a channel of an example memory package 310 according to
the present subject matter. The memory package 310 can include logic die 306 and
a stack of memory 320, such as a stack of BRAM. The logic die 306 can include a

host interface 331 and a cache 337, In certain examples, the cache 337 can include

9
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SRAM. In certain examples, the cache 337 can mnclude buffers and tag maps
associated with conventional stacked memory devices. At 401, the host 305 can
request data from the memory system and the request can be recetved at the host
interface 331, At 402, the host interface 331 can request the data from the cache
337. AU 403, alter deterrminming the data 15 1n the cache 337, the data can be received
at the host interface 331 and at 404, the data can be passed to the host 305, At 403,
the host 305 can request second data from the memory system and the reguest can
be received at the hostinterface 331, At 406, the host interface 331 can request the
data from the cache 337. At 407, after determining the data 1s not in the cache 337,
the status of the cache request can be received at the host mterface 331, At 408, the
host interface 331 can request the second data from the memory stack 320, and at
409, the mussed request can be reported to the host 305,

In certain examples, at 408, when reporting the mussed request, the host
interface 331 can use the physical data ervor (DERR) output pomnt for the channel {o
indicate that the request 1s not ready, and also to provide an index number for the
reguest. A compatible host 3035 can use the index number to later retricve the
requested data as discussed below. In certain examples, since accessing the memory
stack 320 18 more time consuming than servicing data requests at the cache 337, the
host interface 331 can make the channel avadable for further data requests while the
second data 1s being retrieved. As such, at 410, the host 305 can request third data
{rom the memory system and the request can be recerved at the host interface 331,
At 411, the host interface 331 can request the data from the cache 337. At 412, after
determining the data 1s in the cache 337, the data can be recerved at the host
interface 331 and at 413, the data can be passed to the host 303, At 414, the second
data can be passed from the memory stack 320 to the cache 337, 1t 18 understood
that the host interface 331 may be able to receive more than one data reguest from
the host 305 before receiving the data of a missed request without deparfing {rom
the scope of the present subject matier.

At 416, the host 305 can request fourth data from the memory systemn and

the request can be received at the host mterlace 331, At 417, the hostinterface 331

10
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can request the data from the cache 3 At 418, atter determining the data 18 not in
the cache 337, the status of the cache request can be received at the host inter{ace
331, At 419, the host interface 331 can request the fourth data from the memaory
stack 320}, and at 420, the missced request can be reported to the host 303, As before,
in certain examples, at 420, when reporting the mussed request, the host interface
331 can use the physical data error (DEKR) output point for the channel to mdicate
that the request 15 not ready, and also to provide an index number {or the request,
The index number can be different than the mdex number associated with reporting
the mussing request for the second data at 409,

At 421, the host 30D can request fifth data from the memory system and the
reguest can be received at the host interface 331, At 422, the host mterface 331 can
request the data from the cache 337, AU 423, after determining the data 1s 1 the
cache 337, the data can be received at the host mnterface 331 and at 424, the data can
be passed to the host 305, In addition, when the fifth data 15 passed to the host 3035,
the host interface 331 can activaie the “data’ ready bit, or “alert” bit discussed
above, during the burst and can also provide the corresponding index number {or the
request for the second data as the second data 1s now available 1n the cache 337, In
ceriain examples, the cache 337 at 425 can pass the second data to the host 303 via
the host interface 331, In some examples, the host mterface 331 may require that
the host 305 resend a request for the second data before passing the second data. in
sormne examples, the passing the second data via the host wnterface 331 may wmvolve
separate transactions between the cache 337 and the host interface 331 and between
the host 305 mterface and the host 303, and each transaction can be separated 1n
fune difterent than that tHuostrated without departing from the scope of the present
subjcct matter. At 426, the fourth data can be passed from the memory stack 320 to
the cache 337,

AL 427, the host 305 can reguest sixth data trom the memory system and the
reguest can be recerved at the host interface 331, At 423, the host inferface 331 can
reguest the sixth data from the cache 337. At 429, after determuining the sixth data 18

in the cache 337, the sixth data can be received at the host interface 331 and at 430,

11
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the sixth data can be passed to the host 305, In addition, when the sixth data 1s
passed (o the host 303, the host interface 331 can activate a data readiness mdication
suclt as the “data ready” bt during the DERR burst and can also provide the

corresponding mdex number for the request {or the {ourth data as the fourth data 1s

33

now available in the cache 337, In certain exarmples, the cache 337 at 431 can pass
the fourth data to the host 305 via the host interface 331, In some examples, the
host interface 331 may require that the host 305 resend a request for the fourth data
before passing the fourth data from the cache 337. In some examples, the passing
the fourth data via the host interface 331 may involve separate fransactions between
the cache 337 and the host interface 331 and between the host interface 331 and the
host 303, and each transaction can be separaied in time different than that 1Hustrated
without departing from the scope of the present subject matter.

Fi(s. 5 illustrates generally and example method 300 of operating a memory
device according to the present subject matter. At 501, a plurality of memory access
reguests can be received from a host at a memory system inchuding a stack of
DRAM memory devices. At 503, fivst data can be returned to the host in response
to a first memory access request of the plurality of memory access requests. At 303,
a first indication of data not ready can be returned o the host in response {0 a
second memory access request of the plurality of memory access requests. At 307,
an index can be returned with the first indication of data not ready. At 309, an
indication of data ready can be returned with thard data in response {o a thard
memory access request of the plurality of memory access requests. At 311, the first
index can be returned with the indication of data ready. At 513, second data can be
returned to the host 1o response to the indication of data ready and the first index
recerved with the third memory access request.

HIG. 6 silustrates an example method 600 of operating a host according {0
the present subject matter. At 601, multipie memory access requests can be sent (o
a memory system having a stack of memory devices. Al 603, first data can be
received in response to a first request of the multiple memory access requests, At

603, an indication of data not ready can be recerved in response to a second request
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of the multiple memory access requests, wherein the second request 18 a request for
second data. At 607, an index can be recerved with the mdication of data not ready.
At 609, third data can be received 1n response to a third request of the mutiple
Memory access requests. At 611, an indication of data ready and the index can be
received with the third data. AU 613, the second data can be received 1n response o
the mdication of data ready and the mdex.

FIG. 7 illustrates generally a diagram of a system 700 mcluding a device 703
that supports a storage system including stacked DRAM devices in accordance with
aspects disclosed heremn. Device 705 may include components for bi-directional
voice and data communications mchuding components for fransmitting and
recerving comimunications, mciuding memory confrolier 715, memory cells 720,
basic wput/output system (BIOS) component 723, processor 730, 1/0 controller
7335, peripheral components 744, memory chip 733, system memory controlicr 760,
cncoder 763, decoder 770, and mulfiplexer 775, These components may be n
clectronic communication via one or more busses {¢.g., bus 710). Bus 710, for
example, may have a bus width of 16 data hines ("DQ7 ines). Bus 71U may be in
electronic communication with 32 banks of memory cells,

Memory controlier 715 or 760 may operate one or more memory celis as
described herein. Specifically, memory controller may be configured to support
tlexible multi-channel memory. In some cases, memory confrolier 713 or 76( may
operate a row decoder, column decoder, or both, as described with reference to FiIG,
1. Memory controller 715 or 760 may be in electronic communication with a host
and may be configured to transier data during each of a rising edge and a falling
cdge of a clock signal of the memory controller 715 or 760,

Memory cells 720 may store information (1.¢., in the form of a logical state)

"7
’!

as described herein. Memory celis 720 may represent, for example, memory cells
105 described with reference to FiG. 1. Memory cells 72( may be in electronic
communication with memory controller 713 or 760, and memory cells 720 and

memory controller 715 or 760 may be located on a chip 753, which may be one or

13
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several planar memory devices as described herein. Chip 755 may, for example, be
managed by sysiem memory controller 713 or 760.

Memory cells 720 may represent a {irst array of memory cells with a

plurality of regions coupled to a substrate. kach region of the plurality of regions

5 may inciude a plurality of banks of memory cells and a plurality of channels
traversing the first array of memory cells. At least one of the plurality of channels
may be coupled to at least one region. Memory controller 715 or 760 may be
configured to transter data between the coupled region and the memory controlier
715 or 760,

10 BI0OS component 723 be a software component that includes BIOS operated
as firmware, which may mitialize and run various hardware components. BIHOS
component 725 may also manage data tlow between a processor and variouns other
components, .g.. peripheral components, mput/output control component, efc.
BIOS component 725 may include a program or software stored i read only

15 memory (ROM), flash memory, or any other non-volatile memaory.

Processor 730 may include an inteligent hardware device, {e.g., a general-
purpose processor, a digital signal processor (DSP), a central processing unmit (CPU},
a microcontroiler, an application-specitic mtegrated circuit (ASIC), a hield
programmabie gate array (FPGA), a programmable logic device, a discrete gate or

20 transistor logic component, a discrete hardware component, or any combination
thereot ). In some cases, processor 730 may be configured {o operate a memaory array
using a memory controller 713 or 760. in other cases, a memory controller 715 or
760 may be integrated mio processor 730, Processor 730 may be configured (o
execute compuler-readable mstructions stored 1n a memory to perforin various

25  functions {e.g., functions or fasks supporfing Hexibic multi-channe! memory).

/O controlier 735 may manage iput and output signals tor device 703, VO
controller 735 may also manage peripherals not integrated mmto device 703, In some
cases, O controller 735 may represent a physical connection or port to an external
peripheral. I/0 controller 735 may utfilize an operating system such as 105®,

30 ANDROID®, MS-DOS®, MS-WINDOWS®, U520, UNIXE®, LIKUX®, or
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another known operating system. In other cases, VO controller 735 may represent or
inferact with a modem, a keyboard, a mouse, a touchscreen, or a simtlar device. In
some cases, ) controller 735 may be implemented as part of a processor. A user
may interact with device 7035 via 1O controlicr 735 or via hardware components

Ty
;.3

controlled by O controller 733,

A

A

Peripheral components 740 may include any input or output device, or an
interface for such devices. Examples roay mclude disk controllers, sound controller,
graphics coniroller, Ethernet controller, modem, umversal serial bus (UUSB)
controiler, a serial or parallel port, or peripheral card slots, such as peripheral
component interconnect (PCL) or accelerated graphics port (AGP) slots.

Input 745 may represent a device or signal external to device 703 that
provides nput to device 705 or its components. Ths may include a user mterface or
an interface with or between other devices. In some cases, mput 745 may be
managed by /O controller 735, and may mteract with device 7035 via a peripheral
component 740,

QOufput 750 may also represent a device or signal external to device 7035
configured to recerve outputl from device 705 or any of its components. Examples of
output 7530 may mciude a graphics display, audio speakers, a printing device,
another processor or printed circuit board, efc. In some cases, suiput 750 may be a
peripheral element that mterfaces with device 705 via peripheral component(sy 740.
Ohutput 750 may be managed by VO controller 7335.

System memory controller 715 or 760 may be in electronic communication
with a {irst array of memory cells (e.g., memory cells 720}, A host may be «
component or device that controls or divects operations {or a device of which
memory controiler 715 or 760 and corresponding memory array arc 4 part. A host
imay be a component of a computer, mobile device, or the hike. Or device 705 may
be referred {0 as a host. In some examplies, system memory controller 713 or 760 13
a GPU.

Encoder 765 may represent a device or signal external to device 7035 that

provides perlorms error correction encoding on data (o be stored to device 705 or its
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components. Encoder 765 may wrile the encoded data to the at least one selected
memory via the at least one channel and may also encode data via error correction
coding.

Decoder 770 may represent a device or signal external to device 705 that
sequences command signals and addressing signals to device 705 or ils components,
in some examples, memory controller 713 or 760 may be co-located within decoder
770.

Multiplexer 770 may represent a device or signal external to device 7035 that
multiplexes data to device 705 or s components. Multiplexer 775 may multiplex
the data to be transmutied to the encoder 765 and de-multiplex data received {rom
the encoder 703, A multplexer 775 may be 1 electronic communication with the
decoder 770, In some examples, multiplexer 775 may be in electronic
communication with a controiler, such as system memory controdler 715 or 760,

The coraponents of device 705 may mchude circuitry designed to carry out
their functions. This may include various circuit elements, for example, conductive
lines, transistors, capaciors, mnductors, resistors, amplifiers, or other active or
inactive elements, configured to carry out the functions described herein. Device
7035 may be a compuier, a server, a laptop computer, a notebook computer, a tablet
computer, a mobile phone, a wearable glectromic device, a personal electronic
device, or the like. Or device 705 may be a portion or aspect of such a device. In
sorne examples, device 705 1s an aspect of a computer with high reliability, mussion
critical, or low latency constraints or parameters, such as a vehicle {(e.¢.. an
autonomous automobile, anrplane, a spacecrall, or the hike). Device 703 may be or
include logic for artificial intelligence {(Al), augmented reality {AR), or virtual
reality (VR) applications.

In one example, a memory device may include an array of memory celis
with a plurality of regions that may cach may include a plurality of banks of
rnemory cells, and a plurality of channels traversing the array of memory cells. Each

of the channels may be coupled with a region of the array of memory cells and may
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be configured o communicate signals between the plurality of banks of memory
cells in the region with a host device.

In some examples, the memory device may further include /{3 areas
extending across the array of memory cells, the /0 arcas occupying an area of the
array of memory cells that may be devoild of memory cells. In some examples of the
memory device, the VO areas may include T5Vs configured to couple the array of
memory cells with a power node or a ground node.

In some examples, the memory device may further inciude a pluraiity of
channel interiaces distributed n the array of memory cells. In some examples of the
memory device, the plurality of channel interfaces may be bump-outs. In some
examples of the memory device, a channel mnterface of the plurality of channel
interfaces may be positioned 1 each guadrant of the array of memory cells.

in some examples, the memory device may further inciude a plurality of
signal paths extending between memory cells of the region and a channel mnterface
associated with the region. In some exampies of the memory device, the channel
inferface may be posifioned in the array of memory cells to mimnuze a length of the
stgnal paths.

In some exarnples, the memory device may further include a second array of
memory cells stacked on top of the array of memory cells. In some examples of the
memory device, the second array of memory cells may have regions that may cach
include a plurality of banks of memory cells. In some examples, the memory device
may turther include a second plurality of channels traversing the second array of
rnemory cells. In some examples of the memory device, each of the channels of the
second plurality of channels may be coupled with a second region of the second
array of memory cells and may be configured to communicate signals between the
plurality of banks of memory cells in the second region with the host device.

In some exarmples, the memory device may further include TSVs extending
through the array of memory cells to couple the second array of memory cells with
the second plurality of channels. In some examples of the memory device, a channel

may establish a point-io-pomnt connection between the region and the host device. In
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some examples of the memory device, each channel may mclude four or eight data
pins. In some examples of the memory device, the region of the array of memory
ceils may wclude eight or more banks of memory cells.

in some exampies, the memory device may further include an interface
configured for bidirectional communication with the host device. In some examples
of the memory device, the interface may be configured to communicate signals
modulated using at least one of a NRZ modulation scheme or a PAM4 scheme, or
both.

in onc example, a memory device may mnclude an array of memory cells
with regions that each include a plurality of banks of memory cells, VO areas

exiending across the array of memory celis, the VO areas may include a plurality of

termnals configured to route signals to and from the array of memory cells, and a
plurality of channels positioned in the 1O areas of the array of memory cells, each
of the channels may be coupled with a region of the array ol memory cells and may
be configured to communicate signals between the plurality of banks of memory
cells i the region with a host device.

In some examples, the memory device may further include a plurality of
channel interiaces posifioned in the VO arcas of the array of memory cells, signal
paths couple the regions with the plurality of channel interfaces. In some examples
of the memory device, the VO areas may include TSVs configured to couple a
second array of memory cells stacked on top of the array of memory cells with a
channel interface.

in some examples of the memory device, a channel mnterface of the region
may be positioned within an /0 area that bisects the region serviced by the channel
inferface. In some examples of the memory device, the O arcas may include TSVs
configured (o couple the array of memory cells with a power node or a ground node.
in some examples of the memory device, the 1O areds may occupy an area of the
array of memory cells that may be devoid of memory cells. In some examples of the

memory device, the array of memory cells may be bisected by two /0 areas. In
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some examples of the memory device, the array of memory cells may be bisected by
{our /O areas.

In one example, a system may wnclude a host device, a memory device
including a memory dic with a plurality of regions that may cach inciude a pluraiity
of banks of memory cells, and a plurality of channels configured to
communtcatively couple the host device and the memory device, each of the
channels may be coupled with a region of the memory die and may be configured {o
communicate signals between the plurality of banks of memory cells 1o the region
with the host device.

in some examples, the system may include an interface configured tor
bidirectional communication with the host device. In some examples of the system,
the interface may be configured (o comnmumcate signals modulated using at least
one of a NKZ modulation scheme or a PAM4 scheme, or both. In some examples of
the system, the host device may be an example of a GPU. In some examples of the
system, the memory device may be positioned in a same package as the host device.

In one cxample, a memory device may mciude an array of memory cells
with a plurality of regions that each include a plurality of banks of memory cells,
and a plurality of channels traversing the array of memory cells, cach of the
channels may be coupled to at least one region of the array of memory celis and
cach channel may include two or more data pins and onc or more command/address
pin.

in some examples of the memory device, each channel may include two data
pins. o some examples of the memory device, each channel may include one
command/address pin. in some examples of the memory device, each region of the
array may mciude four banks of memory cells. In some examples of the memory
device, cach channel may inciude four data pins. In some examples of the memory
device, each channel may mcilude two command/address pins. In some exampies of
the memory device, each region of the array may imclude eight banks of memory
ceils. In some exampies of the memory device, each bank of memory cells may be

contiguous with a channel.

19



WO 2021/133687 PCT/US2020/066140

10

i5

2

25

S

in some examples of the memory device, a {irst set of banks of cach plurahity
niay be contiguous with a channel and a second set of banks of each plurality may
be contiguous with another bank and non-contiguous with a channel. In some
cxampies, the memory device may mnclude 128 data pins and configured with a ratio
of two, four, or eight data pins per channel.

in some examples, the memory device may mclude one, two, three, four, or
six command/address pins per channel. In some examples, the memory device may
include 256 data pins and configured with a ratio of two, four, or eight data pins per
channel. In some examples, the memory device may include one, two, three, four, or
siX command/address pins per channel. In some examples of the memory device, the
array may inciude a plorality of memory dice that each may mclude a plurality of
channels.

in some exampies of the memory device, each memory die of the plurality
may be coupled with a different channel of the pluraiity of channels. In some
examples, the memory device may include a butfer layer coupled with array. In
some exampies, the memory device may include an organic substraie underiving the
array.

in some exampies of the memory device, the array may be configured for a
pin rate of 10, 16, 20, or 24 Gbps. In some examples, the memory device may
inciude an interface contigured for bidirectional communication with a host device.
in some examples of the memory device, the mterface may be conligured for at
least one of a binary modulation signaling or pulsec-amplitude modulation, or both,

in one example, a system may mclude at least one memory die that may
include a plurality of regions that each may include a plurality of banks of memory
cells, one or more channcls associated with each memory die, each of the channels
inay be coupled to at least one region of the die of memory cells and each channel
may inciude two or more data pins, and an organic substrate that underhies the
memory die.

in some examples, the system may include a host device, and an interface

configured for bidirectional communication with the host device, the mterface
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supports at least one of a NRY. signaling or a PAM4, or both. In some examples of
the system, the host device may wmclude a GPU.

In some examples, the system may include a plurality of memory arrays that
cach may mnclude 128 or 236 data pins and configured with a ratio of two, four, or
aght data pins per channel. In some examples, the system may include a bulfer
layer positioned between the at least one memory die and the organic substrate.

Information and signals described herein may be represented using any of 3
variety of different technologies and technigues. For example, data, instructions.
commands, information, signals, bits, symbols, and chips that may be referenced
throughout the above description may be represented by voltages, currents,
clectromagnetic waves, magneiic Hiclds or particles, optical fields or particles, or
any comnbination thereol. Some drawings may illustrate signals as a single signal;
however, 1t will be understood by a person of ordinary skill in the art that the signal
ray represent a bus of signals, where the bus may have a vanety of bit widths.

As may be used herein, the term “virtual ground’ refers to a node of an
clectrical circuit that 1s held at a voltage of approxamately zero volts (OV) but that 1s
not divectly connected with ground. Accordingly, the voltage of a virtual ground

may femporarily fluctuate and return (0 approximately OV at sicady state. A virtual

ground may be mplemented using various electronic circuit elements, such as a
voltage divider consisting of operational amplifiers and resistors. Other
implementations are also possible. “Virtual grounding” or “virtually grounded”
means connected to approximately OV,

The may be used herein, the term “electronic communication” and
“coupled” refer to a relationship between components that support electron flow
between the components. This may mnclude a direct connection between components
or may nchude intermediate components. Components in electronic communication
or coupled to one another may be actively exchanging clectrons or signals {¢.g.. in
an energized circut) or may not be actively exchanging electrons or signals {e.g., 1o
a de-energized circuit) but may be configured and operable to exchange electrons or

signals upon a crcuit being energized. By way of example, two components
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physically connected via a swiich (e.g., a transistor) are in electromc commumcation
or may be coupled regardless of the state of the switch (1.e., open or closed).

The term “layer” used herein refers {0 a stratum or sheet of a geometrical
structure. Each layer may have three dimensions {e.g., height, width, and depth} and
may cover some or all of a surface. For example, a layver may be a three-dimensional
structure where two dimensions are greater than a third, e.g., a thin-film. Layers
may wmnclude different elements, components, and/or materials. In some cases, one
layer may be composed of two or more sublavers. In some of the appended higures,
fwo dimensions of a three-dimensional layer are depicted for purposes of
iHustration. Those skilled in the art will, however, recognize that the layers are
three-dimensional in nature.

As used herein, the term “electrode” may refer to an elecirical conductor,
and in some cases, may be employed as an electrical contact o a memory cell or
other component of a memory array. An elecirode may include a trace, wire,
conductive iine, conductive layer, or the like that provides a conductive path
between clements or components of a memory array.

The term “isolated” refers to a relationship between components 1 which
clectrons are not presently capable of flowing between them; components are
1solated from each other it there 1s an open circwit between them. For example, two
components physically connected by a switch may be 1solated from each other when
the swiich 1s open.

The devices discussed herein, including a memory array, may be formed on
a seimiconductor substrate, such as sihicon, germanium, sthicon-gerramum alloy,
gatlium arsemde, gallium nitnide, efc. In some cases, the substrate 1s a
sennconductor wafer. In other cases, the substrate may be a silicon-on-insulator
(SOI) substrate, such as stlicon-on-glass (SOG) or stlicon-on-sapphire (SOP), or
cpitaxial layers of scmiconductor materials on another subsirate. In some examples,
the substrate may be an organic build up substrate formed from materals such as
ABF or B'T. The conductivity of the substrate, or sub-regions of the substrate, may

be controlled through doping using various chemical species including, but not
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limited to, phosphorous, boron, or arsenic. Poping may be performed during the
inifial formation or growth of the substrate, by 1on-implantation, or by any other
doping means,

A transistor or transistors discussed herein may represent a field-effect
transistor (FET) and comprise a three terminal device including a source, drain, and
gate. The terminals may be connected to other clectronic clements through
conductive matenals, e.g., metals. The source and drain may be conductive and may
comprise a heavily-doped, e.g., degenerate, semiconductor region. 1he source and
drain may be separated by a lightly-doped semiconductior region or channel. If the
channel 1s n-type (L.e., majority carriers are electrons), then the FET may be referred
to as a n-type FET. If the channel 18 p-type {1.e.. majority carriers are holes), then
the FE'T may be referred to as a p-type FET. The channel may be capped by an
insulating gate oxide. The channel conductivity may be controlled by applying a
voltage to the gate. For example, applying a posifive voltage or negafive voltage {o
an n-type FET or a p-type FET, respectively, may result in the channel becoming
conductive. A fransisior may be “on” or “activated” when a voltage greater than or
equal to the transistor’s threshoid voltage i3 applied to the transistor gate. The
transistor may be “off” or “deactivaied” when a voltage less than the fransistor’s
threshold voltage 1s applied to the transistor gate.

FThe various illustrative blocks and modules described in connection with the
disclosure hereimn may be implemented or performed with a general-purpose
processor, a DSP, an ASIC, an FPGA or other programmable logic device, discrete
gate or transistor logic, discrete hardware components, or any combination thereof
designed to perform the functions described herein. A general-purpose processor
niay be a microprocessor, but in the aliernative, the processor may be any processor,
controller, microcontroller, or state machine.

A processor may also be implemented as a combination of computing
devices {e.g., a combination of a DSP and a macroprocessor, muliple
DHCTOPIOCessors, One O MOre NUCToprocessors in conjunction with a DSY core, or

any other such conliguration).
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in a first example, Example 1, a storage system can include a stack of first
memory devices configured (o store data, the stack mncluding muitiple memory die
of a fwrst storage type, and a logic die. The logic die can include second memory of
a sccond storage type, and an intertace circuit. 'The interface circuit can be
configured (0 receive a multiple of memory requests {rom an external host using an
external bus, to relay data between the external host and multiple channels of the
stack of hirst mernory devices via the second memory, (o provide an indication of a
data error on a first ouiput it of a corresponding channel during a single clock cvele
of multiple clock cycies used to exchange the data with the corresponding channel
of the stack of first memory devices in response o a first respective memory request
of the multiple on memory reguests, (o provide an indication of data readiness
associated with a second respective memory reguest of the multiple of memory
reguests, and to provide a first index configured to wdentily data associated with the
second respective memaory request.

in Exampie 2, the sccond memory of Examplce 1 optionally comprises a list
configured {o store multiple indexes mcluding the first index.

In Example 3, the indication of data readiness of any one or more of
Fxamples 1-2 optionally 1s encoded on the first output bit during the muliiple clock
cveles.

in Exampie 4, the indication of data readiness of any onc or more of
Examples 1-3 optionally includes an indication data 1s not ready.

in Example 5, the indication of data readiness of any one or more of
Examples 1-4 optionally mcludes an indication data 1s ready.

fn Example O, the first index of any one or more of Examples 1-35 optionally
is encoded on the first output bit during the multiple clock cvcles.

In Example 7, the first storage type of any one or more of Examples 1-6
opfionally 1s dynamic random-access memory {DRAM).

in Example 8, the second storage type of any one or more of Examples 1-7

optionally 1s static random-access memory {SRAM),
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in BExample 9, 15 a method of operating a memory package having a logic die
and stack of memory devices, the memory package can be configured (o
communicate with a host using multiple independent channels. The method can
include recerving multiple memory access reguests {for a channel at the logic die,
returming {irst data to the bost in response (o a first memaory access request of the
muiiple memory access requests, returning an indication of data not ready to the
host in response {0 a second memory access request of the muliiple memory access
requests for second data, returning a first index to the host with the indication of
data not ready, returning an indication data 18 ready with third data in response to a
third memory access request of the multiple memory access requests, returning the
{irst index with the mdication of data ready, and returning the second data to the
host in response to the indication of data ready and the Lirst index returned with the
third memory access request.

in Example 10, the returning an indication ol data not ready of any one or
more of Examples 1-9 optionally includes encoding the indication of data not ready
on a single output bit of the channel over a first single cvcle of a burst of ¢cycles used
to exchange data of a respective memory access request of the multiple memory
access reguests with the host.

in BExample 11, the returning an indication of data ready of any one or more
of Examples 1-10 optionally includes encoding the mdication of data ready on the
stngle output bat of the channel over a second single cycle of the burst of cycles.

in Example 12, the returning the first index of any one or more of Exampies
I-11 optionally wncludes encoding the fivst index on the single output bit of the
channel over multiple cycles of the burst of cycles.

in Example 13, the multiple cycles of any one or more of Examples 1-12
optionally does not include the fivst single cycie or the second single cycle.

in Example 14, the method of any one or more of Examples 1-13 optionally
includes returning a data error (DERR) indication when the memory package 1s
unable o service a memory access request of the multiple memory access reguests,

wherein the DERR indication 18 encoded on the single output bat.
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in Example 13, a method of operating a host conligured {0 exchange
information using multiple independent channels of a memory package including a
stack of memory devices can wnclude sending a plurality of memory access requests
to the memory package using a singic channel, receiving first data via the single
chanpel 1o response to a fwrst merory access request of the plurality of memory
ACCess reguests, receiving an indication of data not ready via the singie channel in
response to a second memory access request of the plurality of memory access
requests for second data, receiving a first index with the mndication of data not ready,
receiving an mdication dafa s ready with thard data via the single channel 1in
response to a third memory access reguest of the phirality of memory access
reguests, receiving the first index with the mdication of data ready, and receiving
the second data via the single channel i response (o the indication of data ready and
the first index received in response (o the third memory access request.

in Example 16, the receiving an indication of data not ready ol any one or
more of Examples 1-135 optionally includes decoding the indication of data not
ready on a single oufput bit of the single channel over a first single cvcle of a burst
of cycies, the burst of cycles used to exchange data of a respective memory access
reguest of the plurality of memory access reguests between the host and the memory
package.

in BExample 17, the receiving an indication of data ready of any onc or more
of Examples 1-16 optionally includes decoding the indication of data ready on the
single output bit of the single channel over a second singie cycle of the burst of
CVCies.

fn Example 1§, the recerving the first index of any one or more of Examples
I-17 optionally includes decoding the {irst index on the single ouiput bit of the
single channel over a phurality of cycles of the burst of cycles.

In Example 19, the plurality of cycles of any one or more of Examples 1-18
optionally does not include the first single cycle or the second single ¢ycle.

in BExample 20, the method of any one or more of Examples 1-11 optionally

includes receiving a data ervor (DERR) mdication when the mmemory package is
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10

unable to service a memory access request of the plurality of memory access
reguests, wherein the DERR indication is encoded on the single output bit,
Example 21 can mclude or use, or can optionally be combined with any
portion or combination of any portions of any one or more of Examples 1 through
20 to include or use, subject matter that can include means tor performing any one
or more of the functions of Exampies 1 through 20, or a machine-readable medium
including instructions that, when performed by a machine, cause the maching (0

perform any one or more of the functions of Examples 1 through 20.
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{laims

What 1s claimed 1s:

. A storage systeni Comprising:
a stack of hirst memory devices configured to store data, the stack 1ncluding multiple
memory dic of a first storage type; and
a logic die ncluding:
second memory of a second storage type; and
an inferface circuit configured to,
receive a multiple of memory requests from an external host using an
cxternal bus,
relay data between the external host and multiple channels of the stack of
first memory devices via the second memory,
provide an indication of a data error on a first cuiput bt of a
corresponding channel during a single clock cycle of multiple
clock cycles used to exchange the data with the corresponding
channel of the stack of first memory devices in response 0 a {first
respective memory request of the mulfiple on memory requests,
provide an indication of data readiness associated with a second respective
memory request of the multiple of memory requests, and
provide a first index conligured to identily data associated with the second
respeCtive memory request.
2. The storage system of claim 1, wherein second memory comprises a hist configured (o

store multiple indexes icluding the first index.

3. The storage system of claim 1, wheremn the indication of data readiness s encoded on the

{irst output bit during the multiple clock cycles.

4. The storage system of claim 3, wherein the wndication of data readiness includes an

indication data 1s not ready.
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3. The storage system of claim 3, wherein the indication of data readiness mcludes an

indication data 1s ready.

0. The storage system of claimn 1, wherein the {ust index 15 encoded on the Lirst output bit

during the multipie clock cycles.

7. The storage system of claim 1, wherein the first storage type 1s dynamic random-access

memory {DRAM).

8. The storage system of claim 1, wherein the second storage type is static random-access

rmemory (SRAM].

9. A method of operating a mnemory package having a logic die and stack ol memory
devices, the memory package configured to communtcate with a host using multiple independent
channcls, the method comprising:

receiving multiple memory access requests for a channel at the logic die;

returrung first data {o the host in response o a first memory access reguest of the muliiple
MESMOTY acCess requests;

returning an indication of data not ready to the host in response o a second memory
access reguest of the multiple memory access requests for second data;

returning a first index to the host with the indication of data not ready;

refturning an indication data 1s ready with third data in response (0 a third memory access
request of the muitiple memory access requests;

returning the {irst index with the mdication of data ready; and

returning the second data to the host 1o response to the indication of data ready and the

{irst index returned with the third memory access request.

14, The method of claim 9, wherein returning an mndication of data not ready includes

cncoding the indication of data not ready on a single output bit of the channel over a first single
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cycie of a burst of cycles used to exchange data of a respective memory access request of the

mulifipie memory access requests with the host.

i1, The method of claim 10, wherein returning an indication of data ready inciudes encoding
the indication of data ready on the single output bit of the channel over a second single ¢vcle of

the burst of cycles.

12, The method of claim 11, wherein returning the first index includes encoding the first

index on the single output bit of the channel over multiple cycles of the burst of cycies.

3. The method of claim 12, wherein the multiple cycies does not include the first single

cyele or the second single cycle.

14, The method of claum 10, including returning a data error (DERR) indication when the
Memory package is unable (o service a memory access request of the multiple memory access

reguests, wherein the DERR mdication i1s encoded on the single output bat.

15, A method of operating a host configured (o exchange information using multiple
independent channels of a memory package mcluding a stack of memory devices, the method
COMPTIsIng:

sending a plurality of memory access requests (o the memory package using a single
channel;

receiving first data via the single channel in response to a first memory access request of
the plurality of memory access requests;

receiving an indication of data not ready via the single channel in response (o a second
memory access request of the plurality of memory access requests for second data;

recciving a farst index with the indication of data not ready;

receiving an mdication data 1s ready with thard data via the single channel m response to a
third memory access request of the plurality of memory access requests;

recerving the first index with the mdication of data ready; and
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recerving the second data via the singie channel 1n response to the mndication of data

ready and the first index recerved 1n response to the third memory access request.

16. The method of claim 15, wherein receiving an mdication of data not ready includes
decoding the mdication of data not ready on a single ouiput bit of the single channel over a first
single cyele of a burst of cycles, the burst of cycles used to exchange data of a respective
rmemory access request ol the plurality of memory access requests between the host and te

memory package.

17, The method of clamm 16, wherein receiving an indication of data ready includes decoding
the mndication of data ready on the single output bit of the single channel over 4 second single

cyele of the burst of cycles.

s, The method of claxm 17, wherein receiving the first index includes decoding the first
index on the single cutput bit of the single channel over a plurality of cycles of the burst of

cveies.

19, The method of claim 18, wheremn the plurality of cycles does not include the first single

cycie or the second single cycle.
20. The method of claim 16, including receiving a data error ( DERR) indication when the

memory package is unable (o service a memory access request of the plurality of memory access

reguests, wherein the DERR indication 1s encoded on the single output bit.
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