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[Revised April 17, 2026] — Updated with the latest HBM generations (HBM3E shipping in volume through 2024-2025,
JEDEC HBM4 standard ratified in April 2025), NVIDIA Blackwell (B200/GB200) and AMD Instinct MI325X/MI350 series
launches, and current DDR5/DDR6 roadmap status.

Executive Summary

High Bandwidth Memory (HBM) is a revolutionary 3D-stacked DRAM technology that breaks through the limits of
traditional DDR (Double Data Rate) SDRAM. Whereas DDR memory chips are mounted flat on the motherboard or on
DIMM modules with relatively narrow buses, HBM stacks multiple thin DRAM dies vertically and interfaces them via
thousands of through-silicon vias (TSVs) to achieve an ultra-wide bus (e.g. 1024—2048 bits). This “wide, slow, and
stacked” approach delivers hundreds of gigabytes per second (GB/s) of bandwidth per stack at relatively low clock rates
(wwwwevolver.com) (P www.anandtech.com). In practical terms, a single HBM3 stack can exceed 800-819 GB/s, while
multi-stack GPUs or accelerators reach multiple terabytes per second (e.g. 5-6 TB/s) (*/ www.wevolver.com). By contrast,
the latest DDR5 DIMMs (up to DDR5-8800) top out around 64—70 GB/s per DIMM (“/ www.wevolver.com) (°)

www.anandtech.com).

This report provides a deep technical analysis of how HBM works, its unique architecture and evolution (HBM1 through
HBMB3/3E and beyond), and how it compares in every aspect to DDR SDRAM (DDR3/4/5). We cover historical context
(the “memory wall”), the motivations behind HBM’s development, and detailed design principles (stacking, TSVs,
interposers, “wide bus” paradigm). Key differences are examined: bandwidth (HBM'’s aggregate and per-pin rates versus
DDR’s narrower, higher-frequency buses), capacity (HBM'’s smaller per-stack capacities vs DDR’s growing DIMM sizes),
power and energy efficiency (HBM’s lower energy/bit and shorter interconnects), latency, packaging (2.5D/3D integration
vs PCBs), cost and manufacturability. We include tables summarizing specification comparisons (e.g. HBM vs DDR5)
and performance data. Case studies illustrate real-world use: HPC & Al (AMD Instinct, NVIDIA A100/H100, Intel Xeon
with HBM) and how HBM accelerated those systems. We incorporate data and expert analysis (e.g. BittWare FPGA
study, AnandTech and NVIDIA docs).

Our findings confirm that HBM dramatically increases memory bandwidth density and alleviates memory-bottleneck

bottlenecks in GPUs/accelerators, at the expense of capacity and cost. While DDR remains the cost-efficient mainstream
memory for general computing, HBM is becoming critical for high-performance domains. Future trends (HBM3E/4, hybrid
memory) are discussed. All claims are supported by technical sources (1 semiengineering.com) (?/ vww.anandtech.com) (7}

developer.nvidia.com).

Introduction and Background

Modern computing is increasingly limited by memory bandwidth. Processor and accelerator designs have advanced
explosively (more cores, higher clock, new matrix units, etc.), but feeding data to those compute units has not scaled
equally. Traditional DRAM (DDR SDRAM) improvements have historically come from higher clock rates and more
channels. However, by the 2010s, conventional DDR (including GDDR in GPUs) was hitting diminishing returns: ever-
faster clock frequencies require more power and suffer signal integrity issues on long traces. Meanwhile, applications in
high-performance computing (HPC), scientific simulation, big data, and especially Al/ML were demanding ever-larger
“tensors” to be accessed in real time, stressing the so-called memory wall. As a result, memory designs shifted towards
more parallelism and closer integration to the processor.

High Bandwidth Memory (HBM) emerged around 2013-2015 as a response to this memory bottleneck (/|
www.wevolver.com) (¥l www.anandtech.com). Pioneered by industry (initially SK Hynix with AMD), HBM revolutionized
DRAM by stacking multiple DRAM dies vertically and placing them very close to the CPU/GPU on a silicon interposer (a
2.5D package). This enabled extremely wide datapaths (thousands of bits) at moderate per-pin speeds, delivering
bandwidths far beyond what DDR’s flat 2D design could provide (") vnw.wevolver.com) (2 www.anandtech.com). By
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stacking (3D) and using Through-Silicon Vias (TSVs) for vertical signal connections, HBM achieves terabit-scale
aggregate bandwidth with lower energy per bit. In contrast, DDR modules have stayed in planar form (chips on PCBs),
and improvements rely on faster clocks and more DIMM sockets.

DDR (Double Data Rate) SDRAM itself began in the late 1990s (DDR1 around 2000), evolving through DDR2, DDRS3,
DDR4, and now DDR5. Each generation roughly doubles throughput per-pin, but real-world systems often use multiple
modules and channels to approach system bandwidth needs. By 2020-2025, JEDEC DDRS5 reached 6400-8400 MT/s
(mega-transfers/sec) per pin and was extended to 8800 MT/s in 2024 (I°! www.anandtech.com), yielding ~64-70 GB/s per
64-bit DIMM. Even with 8-channel controllers, total DDR bandwidth tops out at a few hundred GB/s. In parallel, GDDR for
graphics (a variant of DDR) improved similarly to around 18-20 Gb/s per pin (in GDDR6X) with 256-bit or 384-bit busses
offering ~800 GB/s on a graphics card (! www.wevolver.com).

HBM first appeared commercially around 2015 (AMD’s Radeon Fury X GPU with HBM1). HBM2 followed (2016), offering
more capacity and speed. HBM2E (2018-2020) upped speeds (up to 3.2 Gb/s) and stack height (12 dies). The latest
HBMS3 (released 2021-2023) increases per-pin rates (~3.2—-4.0 Gb/s) and density (2—8 GB die sizes, 16-12 dies per
stack). Table 1 below compares key specs of DDRS5 vs a representative HBM stack:

Feature DDRS5 (e.g. DDR5-8400) HBMS3 (per stack)
2D PCB; DIMM module, channels on board ([81 3D-stacked DRAM on silicon interposer ([l] www.wevolver.com, ([2]
Bus Architecture
www.anandtech.comy www.anandtech.comy
[9] [10]

64-bit data (80 total w/ ECC) per DIMM ( 1024-bit wide per stack (multiple 128-bit channels) ( vavv.vvevolver.c0m>

Pins | Data Width

WWW.bittware.com) (plus 2x40-bit channels in DDRS) ([11] www.anandtech.com)
Transfers/Clock Double data-rate (DDR) ([9] WWW. blttvvare.com) Double data-rate (PAM) per TSV lane; modest clock
[5]
Max Data Rate JEDEC up to 8800 (DDR5-8800) ( 2]

<lcurrent article_content>(MTIs) www.anandtech.com, HBM3 up to ~3200-4000 Mt/s (3.2-4.0 Gbrs) (-~ Www.anandtech.comy

Voltage ~1.1-1.2 V (DDR5) ([ll] www.anandtech.com) ~1.2 V (HBM1/2/3) ([11] www.anandtech.com)
[12]
. ) 4-12 dies per stack (HBM2: up to 12; HBM3: 8-12) (
Stack Height (dies) N/A (flat)
www.anandtech.com,
Capacity (per device) Up to 64GB per DIMM (4x16GB chips modular) Up to ~24G8 per stack (HEM213) (-~ Www.anandtech.com)
256-410 GBs per stack (HBM2) (L) www.anandtech.comy; up o819
Peak Bandwidth ~51.2 GB/s per 64-bit @ 6400 (~70GB/s at 8800) 4
GBJs per stack (HBM3)([ ] www.wevolver.com,
Main system memory in PCs/servers (llSJ On-package GPU/accelerator memory (Al, HPC) (HAJ WV\/W.V\/E‘VO|V6I’.COm)
Common Use Cases -
semiconwiki.com) 35! www.wevolver.com)
- . [16]
Similar DRAM latency, but shorter traces reduce effective latency (
Latency Typical DRAM (tens of ns); moderate 17
vvwvv.wevo\ver.com)([ ]SemICOHWIkI.COm)
Powerlbit Higher for very fast DDR (due to long IO lines); Lower per bit at wide interface (shorter lines) (HJ www.wevolver.com)
Cost Lower (commodity); large scale production Higher (complex TSV & stacking costs) (‘ 18] www.anandtech.com,

[Source: JEDEC specs, industry analyses, and technical reviews. DDR5 values from JEDEC/AnandTech (©°/
www.anandtech.com); HBM values from JEDEC HBM2 standard (° www.anandtech.com) and vendor releases.]

Traditional DDR SDRAM: Architecture and
Evolution
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DDR (Double Data Rate) SDRAM has been the dominant form of main memory for PCs and servers for over two
decades. Its architecture is defined by DIMM modules populated with multiple DRAM chips, each with a data interface
(commonly 4-, 8-, or 16-bit wide internally) multiplexed through a shared bus on the module (*° blog.csdn.net) (©°)
www.bittware.com). Data is transferred on both the rising and falling edges of the clock, hence “Double Data Rate.” Typical
DDR features include multiple banks per chip (often 8 or 16 banks), prefetch buffers, and a clock speed that effectively
doubles the data throughput.

Generations of DDR. Since the original DDR1 (JEDEC JESD79 in 1999, speeds up to DDR-400 or 400 MHz),
subsequent generations roughly doubled peak throughput or more:

- DDR2 (JEDEC JESD79-2, ~2003): doubled the prefetch from 2n to 4n (giving 400—800 MT/s), reduced voltage to
18V.

- DDR3 (JESD79-3, ~2007): 8n prefetch, speeds up to ~1600 MT/s, lower voltage to 1.5 V.

- DDR4 (JESD79-4, ~2014): speeds up to 3200 MT/s (with extended to 3200—4800+ in practice), lower voltage ~1.2 V,
8 banks doubled to 16 per chip, on-DIMM PMIC, dual 32-bit subchannels per DIMM (DDR4 text combined into 72-bit
channel).

. DDRS (JESD79-5, 2021-): initially up to 6400 MT/s (DDR5-6400), raising to ~8400 MT/s (JEDEC JESD79-5C in
2024, target 8800 MT/s (°) www.anandtech.com)). DDR5 uses lower voltage (1.1 V), dual 40-bit channels per DIMM
(each 36 data + 4 ECC bits) (*) www.bittware.com), and on-board PMIC. Future JEDEC work is extending to 8800 and
possibly beyond (DDR5-8400 modules exist in 2023, 8800 spec released 2024 (! www.anandtech.com)).

DDR’s bus width per channel has remained relatively narrow: a single DDR5 channel is effectively 80 bits wide
(including ECC) (*) www.hittware.com), or 64 data bits plus ECC, on each of two channels. Multiple channels (2x or 4x) on
a DIMM or motherboard expand total width somewhat, but system slots are limited (up to 8 channels per CPU on high-
end servers). As a result, memory bandwidth per DIMM is modest (~50-70 GB/s); aggregate multi-channel bandwidth is
on the order of a few hundred GB/s. In practice, a typical 8-channel DDR4-3200 setup yields ~204.8 GB/s theoretical
(8x25.6GB/s), while 8xDDR5-5600 gives ~409.6 GB/s (8x51.2GB/s) (*°! www.anandtech.com).

Design Motivations and Limitations of DDR. Over decades the DDR standards have steadily increased raw
bandwidth, but they face fundamental limits. Each doubling of speed (MT/s) requires significant engineering: higher clock
rates demand better signal integrity, more stringent PCB design, and lead to increased power and heat. The memory
chips themselves (DRAM mats) have not seen major internal speed improvements in decades (“* semiengineering.com),
so the industry pushes interface innovations (higher prefetch, more 1/O lines) instead. However, these eventually bump
into physical issues: propagation delays on long traces, power/thermal limits, and enormous design complexity for multi-
GHz buses. The result is a memory wall: CPU/computation capability has outpaced the growth in memory bandwidth

(% semiengineering.com).

To illustrate, in a 2021 analysis AnandTech found eight-channel DDR4-3200 provided ~204.8 GB/s, far below the >1 TB/s
bandwidth quoted by GPUs using GDDR or HBM (I°! www.anandtech.com). Indeed, GPUs often integrate memory (GDDR
or HBM) on-package to achieve tighter tolerances and much wider buses. For example, the Intel Xeon “Ice Lake” (2021)
with 8-channel DDR4-3200 hit ~204.8 GB/s (I www.anandtech.com), whereas NVIDIA's latest GPUs (H100) reach
multiple terabytes/s via 5 stacks of 80 GB HBM3 (" developer.nvidia.com).

Overall, DDR SDRAM works well for general-purpose computing: it is cost-effective, widely produced, and auto-boot
memory for PCs/servers. Its evolution is guided by JEDEC standards and broad industry adoption. However, by design
DDR modules will always have narrower 1/0 and more distance from CPU, limiting bandwidth scaling. This gap between
demand (especially for AI/HPC) and supply motivated the creation of HBM in the mid-2010s.
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High Bandwidth Memory (HBM): Architecture
and Principles

High Bandwidth Memory (HBM) is a family of stacked DRAM technologies co-developed by JEDEC members (SK Hynix,
AMD, Samsung, etc.) that achieves massive bandwidth by fundamentally rethinking DRAM packaging. HBM'’s core idea
is vertical stacking: multiple DRAM dies (2—12 or more) are thinned and bonded one on top of another, connected
through-through silicon vias (TSVs), and interfaced to the processor via a very wide data bus over a silicon interposer.
This yields a 2.5D/3D memory solution with exceptionally wide 1/O.

Key features of HBM architecture include:

« 3D-Stacked Dies: Each HBM “stack” comprises several DRAM dies (e.g. 4 dies for HBM1/2, up to 12 dies for later revisions) bonded
face-to-back. A logic base die or controller layer is often included at the bottom. Traditionally, DRAM chips on PCBs put all dies flat; HBM

flips that by vertical integration (“*/ vww.wevolver.com) (*) www.wevolver.com).

« Through-Silicon Vias (TSVs): Crazy thin vertical wires (TSVs) run through the die stack to carry address, control, power, and especially
the data lines. This enables thousands of 1/0 lines. For example, each HBM1/2 stack used a 1024-bit data interface (divided into multiple

independent PHY channels), and HBM3 extends this to 2048 bits per stack ([10] www.wevolver.com) ([M] www.anandtech.com). By
contrast, a single DDR channel is only 64 or 72 bits wide on a DIMM.

+ Wide, Parallel Interface: Instead of boosting frequency, HBM achieves bandwidth by widening. Only one die transmits on the TSV bus at

a time, but collectively the stack shares bus cycles. Some proposals (like SMLA: Simultaneous Multi-Layer Access) even activate multiple

26]

dies concurrently to multi-thread the TSV bandwidth ([25] www.emergentmind.com) ([ www.emergentmind.com). The net result is

hundreds of GB/s per stack at relatively low speed per line. A succinct description: HBM uses “wide interfaces—1024 bits or more—

operating at modest frequencies. This ‘wide, slow, and stacked’ paradigm delivers hundreds of GB/s with lower power per bit.” ([l]
www.wevolver.com)

« 2.5D Integration with Processor: HBM stacks are placed on a silicon interposer alongside (or on) the target chip (CPU/GPU). This
drastically shortens the distance signals travel compared to board-mounted DIMMs. For instance, moving memory to the silicon

interposer reduces propagation delay by ~40% and cuts parasitic losses (1271 www.wevolver.com). Energy-per-bit can improve by ~60%

due to this optimized interconnect ([27J www.wevolver.com) (LZSJ www.wevolver.com).

« Thermal and Packaging Considerations: The close proximity to the processor (“hotspot”) is a challenge. HBM cannot be placed on top
of the CPU die (3D stack) due to heat, so it is put next to it on the interposer (2.5D). The design relocates DRAM into the same package
as the logic die. As one review notes, “HBM offers no fundamental change in the underlying memory technology [-] It is DRAM. It thus
suffers from all of the same limitations as DRAM accessed over DDR, with a few additional negatives. Heat: DRAM hates heat...With

HBM, DRAM is moved closer to the main heat generators — the processors” (LGJ semiengineering.com). Hence thermal management

(heat sinks, cooling) is critical in HBM designs (‘6‘ semiengineering.com).

o Parallel Channels and Vaults: Each traditional HBM stack (e.g. HBM2) internally may have multiple pseudo-channels or “vaults” (akin to
banks) to allow concurrent access. In HBM2+ and HBM3, enhancements like “Pseudo-Channel Mode” and many internal banks help
maintain parallelism even though the TSV bus is shared. For example, HBM2 supports up to 8 pseudo-channels per stack, each 128 bits

wide, enabling the full 1024-bit interface ([121 www.anandtech.com).

These design choices enable HBM to achieve astounding bandwidth. As an example of the throughput gain: one study
reports a four-layer HBM stack (with SMLA cascaded 10) giving 4x the bandwidth of a baseline single-layer design,

yielding 12.8 GBps per channel versus 3.2 GBps baseline, and a 55% system speedup in a multi-core workload (!
www.emergentmind.com). In practice, real products illustrate this jump: a single HBM3 stack can reach ~819 GB/s ('

www.wevolver.com), compared to ~64—70 GB/s of a top-end DDR5 DIMM.

HBM Generations and Standards. HBM is formally standardized by JEDEC (the memory standards body). Major
milestones:
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« HBM1 (JESD235, 2013-2014): Up to 4 stacked dies (termed “4-Hi"), each 1 Gb, 1 Gbh/s per pin (up to 128GB/s stack, 256-512 GB/s for 2-
4 stacks) ([12] www.anandtech.com). Supported in AMD’s Fiji/lVega GPUs (2015-2017).

+ HBM2 (JESD235A/BIC, 2016-2020): Initially 4-Hi and 8-Hi stacks, data rates up to 2.4Gb/s (standard) and then 3.2Gb/s (HBM2E
update) ('2] www.anandtech.com). Supports up to 12-Hi (4 Gb dies, 24 GB stack) by HBM2E (”2‘ www.anandtech.com). Peak per-

stack bandwidth up to 410 GB/s ([21 www.anandtech.com) ([121 www.anandtech.com).

¢ HBMS3 (JESD238, 2022): Introduces up to 8 or 12-deep stacks with 12-Hi/16-Hi options. A single HBM3 stack delivers ~819 GB/s ([4]
www.wevolver.com). Used in AMD MI300, NVIDIA H100, and Intel Gaudi 3.

« HBMS3E (JESD238A, late 2024): Commercial availability started with SK Hynix in March 2024 (8-Hi, 24 GB, 1.18 TB/s per stack at 9.2
Gb/s/pin). Micron began HBM3E volume production for NVIDIA H200 in Q1 2024; Samsung qualified 12-Hi 36 GB HBM3E in 2025.
HBMS3E is the memory used in NVIDIA H200 (141 GB, 4.8 TB/s), Blackwell B200 (192 GB, 8 TB/s), GB200 (384 GB per superchip), and
AMD Instinct MI325X (256 GB, 6 TB/s) and MI350X (288 GB, 8 TB/s, launched mid-2025).

« HBM4 (JESD270, ratified April 2025): JEDEC published the final HBM4 standard on April 15, 2025. Features a 2048-bit interface per
stack (double HBM3), up to 16-Hi stacks with 32 Gb dies (up to 64 GB per stack), and per-pin data rates up to 8 Gb/s (yielding ~2 TB/s
per stack). First HBM4 products are shipping in late 2025/early 2026 from SK Hynix and Micron. NVIDIA Rubin (successor to Blackwell,
scheduled 2026) and AMD Instinct M1400 series will be the first major consumers.

« Future (HBM4E): In development for ~2027—-2028 (technews.tw) ([30] www.tomshardware.com).

The table above encapsulates DDR5 vs HBM3 at a glance. HBM'’s ability to place memory near the processor and use
ultra-wide 1/O gives it a several-fold latency/power advantage per delivered gigabyte. It trades off raw capacity and cost:
an HBM stack might be 12-24 GB, whereas a single DDR5 RDIMM can be 64 GB or more. However, one HBM is roughly
equivalent to four or more DDR DIMMSs in bandwidth (e.g. ~819 GB/s vs ~64 GB/s (‘) www.wevolver.com) (°)

www.anandtech.com)).

In summary, HBM fundamentally re-uses DRAM technology - it is still DRAM with banks, sense amps, etc. — but
innovates in packaging and interface (1 semiengineering.com) (" www.wevolver.com). This enables vastly higher
throughput and energy efficiency, addressing the memory bottleneck for high-end GPUs and Al accelerators. Meanwhile,
DDR has continued improving within its 2D paradigm, offering increased capacity and modest bandwidth growth, but
cannot match HBM’s sheer bandwidth per pin.

DDR vs HBM: Key Differences

This section examines the technical contrasts between DDR and HBM across multiple dimensions: bandwidth,
capacity, latency, power/energy, form factor, cost, and applications. We draw on measurements, standards, and
expert commentary.

Bandwidth and Throughput

+ Bus Width: DDRS5 uses 64-bit (data) buses per channel, while each HBM stack has a 1024-bit wide interface (HBM2/HBM3) ([10]
www.wevolver.com). Even if an HBM stack is subdivided into multiple channels, the aggregate bus is enormously wider. For example,
an HBM2 stack often has eight 128-bit pseudo-channels (total 1024 bits) ([M] www.anandtech.com); as one summary says, “HBM

provides a wide 1/O interface (1024 bits), enabling significantly higher bandwidth compared to DDR” (BlJ semiconwiki.com).

« Data Rate (Clock Speed): DDR5 in production is at 4.8-6.4 GHz (MT/s). HBM2 operated around 1-2 Gb/s per pin in early versions,

HBMZ2E up to 3.2 Gb/s (as JEDEC allowed) ([2] www.anandtech.com). HBM3 pushes to ~4.0 Gb/s (PAM4) per pin. Thus, DDR uses
higher clock per pin, but HBM compensates by having 16x the pin count.
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+ Peak Bandwidth: The product of bus width, pin rate, and number of channels yields bandwidth. As a result, HBM stacks

overwhelmingly surpass DDR. For example, a single HBM3 stack can deliver ~819 GB/s ([4] www.wevolver.com), whereas an entire
64-bit DDR5 DIMM might only hit ~50-70 GB/s. Consider multi-channel: an 8-channel DDR5 system at 6400MT/s/channel gives ~409.6
GBY/s total (8x51.2GBY/s). In contrast, four HBM3 stacks deliver ~4x819=~3276 GB/s (3.276 TB/s). In absolute terms, modern GPUs with

4-12 HBM stacks reach >3 TB/s ([7] developer.nvidia.com), dwarfing even high-end DDR setups.

« Empirical Comparisons: Vendor analyses and benchmarks confirm the gap. BittWare (FPGA board vendor) reports that GDDR6/HBM
memories give roughly 10x the bandwidth of DDR4/DDRS5 in their systems ([32J www.bittware.com). Even when DDR5 doubles DDR4’s

per-module bandwidth, “GDDR6 and HBM still outperform DDR5 by 10x” (%2 v bittware.com). Another industry piece summarizes:

“DDR5 Modules Provide Higher Bandwidth in the Same Footprint as DDRA4... However, GDDR6, HBM, and HBMZ2e
offer an order of magnitude of higher bandwidth.” (*3 www.bittware.com)

« Bandwidth Density: Because HBM uses 2.5D packaging, it achieves far higher bandwidth per area than DDR. For
space- and performance-critical designs (GPUs, accelerators), this is often decisive. DDR’s advantage is modularity
and capacity, but its dense bandwidth is lower. A comparison suggests HBM3 beats DDR5 and GDDR6 in
“bandwidth per module” and “power efficiency” (1 www.wevolver.com): HBM3 delivers 819 GB/s per stack vs DDR5’s
~64 GB/s per DIMM, and consumes less power per bit.

Capacity and Scalability

+ Per-Module/Stack Capacity: A single DDR5 DIMM can be huge (16-64 GB today, even 128 GB in special cases). HBM stacks have
been limited: HBM2/2E stacks maxed ~24 GB (12x2 GB dies) ([12] www.anandtech.com); HBM3 supports similar or somewhat higher
(SK Hynix HBM3 uses 2—-8 GB dies, 8-12 dies, e.g. 128GB per stack for MI300X). DDR has a clear lead in absolute capacity: a server
with multiple DIMMs can access TBs of DDR, whereas HBM modules are usually tens of GB.

+ System-Level: HBM can be scaled by using multiple stacks on a processor package (e.g. GPUs often have 4-12 stacks on one GPU).
But stacking beyond ~12 dies is impractical due to yield/heat. In contrast, DDR scales by adding modules to sockets (8-channel or more
on a CPU, many DIMMs per channel). A server might have dozens of DDR DIMMSs, achieving several TB of memory, but at tens or
hundreds of GB/s per channel.

« Voltage and Power: HBM's short interconnects and optimized design yield lower energy-per-bit compared to DDR on long traces ([27]
www.wevolver.com) ([” www.wevolver.com). For example, HBM on-package eliminates the long PCB traces of DDR, thus reducing
parasitic capacitance. Also, because HBM shifts to wider but slower signaling, its per-pin toggle rate (and signaled energy) is lower. Many

sources note HBM's superior power efficiency: e.g. 2-5x throughput with lower power than DDR5/GDDR6 ([15] www.wevolver.com).

« Latency: Raw DRAM access latency (tens of ns) is similar for both DDR and HBM since both are DRAM. However, HBM's shorter
physical distance to the processor can slightly reduce effective round-trip latency ([271 www.wevolver.com) ([23] www.wevolver.com).
Internal architecture (more banks in HBM) also allows higher concurrency, potentially improving real-world latency for parallel workloads.
Still, HBM has higher minimum latency (e.g. due to 3D stack routing and complex controllers), but the impact is often masked by the
vastly increased bandwidth.

Packaging and Integration

+ Form Factor: DDR modules are sockets or soldered chips on the motherboard. HBM is bonded in the CPU/GPU package via an
interposer (silicon substrate) in a 2.5D arrangement. This means HBM-enabled chips must be custom-design die plus co-packaged
memory. The benefit is proximity; the cost is complexity.

+ Manufacturing: HBM requires TSVs and wafer bonding tools, making it more expensive. DDR is commoditized. Reports note HBM

remains a “premium” technology due to TSV complexity ([18] www.anandtech.com). It's also less flexible: each HBM stack is fixed
capacity, whereas DDR capacity can be increased by using larger chips or more modules.
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« Heat Dissipation: Stacking DRAM near hot processors is thermally challenging. HBM packages often have dedicated heat spreaders. By
comparison, DDR-at-motherboard is cooler relative to itself (far from CPU core). In practice, HBM solutions must manage more heat flux
(especially with HBM on top of GPUs).

Performance in Applications

e GPUs and Accelerators have embraced HBM for its throughput. For example, AMD's GPUs (Vega, Radeon VII, and datacenter Instinct)
and NVIDIA's Tesla/RTX series (starting with Pascal in GDDR, moving to HBM2 in Tesla V100 and HBM3 in H100) all achieve greatly
higher frame rates or compute rates than DDR-based rivals. In CAD/3D or Al, HBM-enabled GPUs can double or triple performance
compared to similar hardware with GDDR or DDR. One analysis: HBM GPUs give 40-60% faster 3D rendering and 2-5x higher Al

throughput than DDR/GDDR systems (L34J www.wevolver.com) (133] www.bittware.com).

« HPC Workloads (tensor math, simulations) benefit directly from higher memory bandwidth. Studies find HBM-based nodes can execute
data-intensive kernels many times faster. Intel demonstrated Sapphire Rapids Xeon (with integrated HBM) achieving 2—-3x speedups on

HPC codes versus standard Xeon ([35‘ wccftech.com) ([36‘ wecftech.com). Similarly, NVIDIA shows H100 (80 GB HBM3) doubling

memory bandwidth and greatly accelerating Al training over A100 (W developer.nvidia.com) ([371 developer.nvidia.com).

+ System Bottlenecks: Removing memory bottlenecks via HBM often shifts the limitation to other factors (compute or 1/O). For example,
HBM in Al systems can reveal new “whac-a-mole” bottlenecks: once memory transfers are fast, issues like power/thermal or on-chip

. . 38 . . .
interconnect become critical (°°! semiengineering.com.

« Comparisons: Case studies underscore HBM'’s advantages. One BittWare comparison table of FPGA accelerator cards shows a two-
board HBM2e FPGA card outperforms any DDR4/DDR5 configuration by over 5x in bandwidth (see Table 2 below). Similarly, the AMD

MI300A GPU's 128 GB HBMS3 yields 5.3 TB/s (°°) www.nextplatform.com), far above NVIDIA's 3.35 TB/s with 80 GB HBM3. (An image
from NVIDIA's Hopper blog shows H100 with 3 TB/s (m developer.nvidia.com) while HBM2e PCle mode had ~2 TB/s (137]

developer.nvidia.comy)).

Metric HBM DDR5/GDDR6

3
10x memory bandwidth vs DDR in practice ([02]
Compared performance Standard baseline

www.bittware.com)

4 X ~ [4] . [5]
Example Bandwidth 819 GB/s per HBM3 stack ([ 1 \www.wevolver .COMY (5 TBIs 64-70 GBIs per DDRS DIMM (' WWW.WEVOIVEr.com) (
multi-stack) www.anandtech.com)
Power Efficiency Lower pJ/bit (MB/s per watt) (‘ 1 www.wevolver.com, Higher per-bit energy at extreme rates
Volume Latency Comparable to DRAM (tens of ns) ([23] www.wevolver.com) Typical DRAM latency (tens of ns)
Scalability (capacity) Lower (tens of GB per stack; multi-stack adds) Higher (hundreds of GB total via many DIMMs)
Package Proximity [27]
) Very short (die-to-die, die-to-CPU) ( www.wevolver.com, Long (module traces to CPU)
(distances)
Implementation Complexity  High (TSV, interposer) ([18] Www_anand‘[ech_com) Standard PCB assembly

Table 2: lllustrative comparison of high-end memory types. Many sources (BittWare, NVIDIA) indicate that GDDR6 and
HBM easily outclass DDR in bandwidth (°7 www. bittware.com) (°) www.bittware.com). The quoted HBM bandwidth is per
stack; DDR/GDDR bandwidth is per module. (DDR5-8800 = ~70 GB/s per 64-bit channel ("* www.wevolver.com).)

In summary, HBM trades capacity and cost for bandwidth and efficiency. It is engineered for specialized high-
throughput roles. DDR remains the general-purpose main memory, offering higher total capacity and lower cost. The two
can even complement: e.g. Intel's Sapphire Rapids supports both DDR5 and HBM, using HBM as an additional high-

speed tier or cache (““! www.anandtech.com).

Detailed HBM Architecture
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Delving deeper, HBM relies on several novel engineering techniques:

1. Die Thinning and TSV Density. DRAM dies are thinned (e.g. 10-20um) to allow densely packed TSVs. TSV diameter and pitch have
shrunk over generations, enabling more 1/Os. For instance, early HBM1 had ~1024 TSV lanes; HBM3 doubles this. TSVs themselves add
capacitance and must be carefully designed for signal integrity. The TL;DR: we have very wide buses inside the stack thanks to TSV

arrays (HJ www.wevolver.com).

2. Stack Controller | Base Layer. An HBM stack often includes a base logic die that handles arbitration, refresh, and DRAM interface. This
die connects the DRAM layers to the host via the silicon interposer. It may contain a memory controller or PHY (physical interface) to the
CPU. The stack’s dies are effectively “daisy-chained” through this base.

3. Parallelism and Vaults. HBM2 introduced the idea of multiple vaults/pseudo-channels per stack (up to 8) to maintain concurrency (Hl]
www.anandtech.com). HBM3 formalized this with 16 64-bit channels per stack (using Narrow HBM3 organization) or 2x 512-bit wide or
4x 256-bit, etc. This internal parallelism ensures a balance between the internal array throughput and the wide 1/0.

4. Wide Buses and Equalization. Driving thousands of bits in parallel presents signal integrity challenges (skew, crosstalk). HBM
standards and products employ advanced equalization and calibration on the TSV links. One analysis noted that a wide bus simplifies

equalization compared to pushing one bus to higher GHz (since each lane toggles slower) (m www.wevolver.com). This improves
efficiency and reduces EMI.

5. Power and Thermal. HBM stacks use low-voltage (1.2 V) DRAM and benefit from grouping: power can be supplied through TSVs,
reducing IR drop. However, stacking means heat must travel through layers. Real HBM designs incorporate microbumps, through-silicon
thermal vias, and heat sinks. Packaging HBM with a GPU still raises device package power: e.g. an 80 GB H100 with five HBM3 stacks

runs at 700 W (M 1 www.nextplatform.com). Thermal design is a non-trivial constraint.

6. Timing and Refresh. Each DRAM layer still requires refresh cycles. HBM controllers often handle staggered or distributed refresh to
avoid bandwidth drops. Also, HBM timing differs slightly from conventional DDR (e.g. fixed CAS latency across stacks). Much of this is
hidden in the HBM controller logic.

In effect, HBM’s internal architecture masks DRAM'’s analog complexity by paralleling it many times. One emerging
technique (simultaneous multi-layer access, SMLA (*°! www.emergentmind.com)) attempts to have multiple layers more
fully share the TSV bus. For example, Cascaded-lI0 mode time-multiplexes the full bus across layers, letting higher
layers operate at lower clock. This complexity suggests that future HBM (8+ layers) can scale bandwidth almost linearly
with layers, assuming control logic scales (1*? vww.emergentmind.com) (“*) vwww.emergentmind.com).

Table 3. HBM Generations at a Glance (JEDEC/Industry):

Spec Year Stack Height Data Ratelpin Max BW/stack Max Capacity/stack
HBM1 (JESD235) ~2015 4 Hi (4x1Gb) 1.0-1.4 Gb/s ~128 GB/s 1 GB (4Gb)

HBM2 (JESD235A) ~2016 4-8 Hi (up to 4Gb dies) 1.2-2.0 Gbis 256 GB/s 8 GB (4x2Gb)

HBMZ2E (JESD235C) 2020 8-12 Hi (4Gb dies) 2.8-3.2 Gb/s 307-410 GB/s 24 GB (12x2Gb)
HBM3 (JESD238) 2022 8-12 Hi (16Gb dies) 3.2-6.4 Gh/s ~819 GB/s 24 GB (stack)

HBM3E (JESD238A) 2024 8-12 Hi (24/36 Gb) 8.0-9.6 Gh/s ~1.2 TB/s per stack 24-36 GB (stack)
HBM4 (JESD270) April 2025 (ratified) up to 16 Hi 6.4-8.0 Gb/s (2048-bit) ~2.0 TB/s per stack 36-64 GB (stack)
HBM4E ~2027-2028 (projected) 16+ Hi, custom base die >10 Gb/s (projected) ~3 TB/s per stack (est.) up to 96 GB (projected)

Notes: Data from JEDEC and press releases (e.g. Samsung/Intel). HBM3E is not yet final; figures indicative based on
roadmap. CAP per stack scales with die count and die capacity (JEDEC allows up to 16 Hi for HBM3).

DDR Improvements and Future

While HBM pushes new ground, DDR standards continue to evolve. DDRS5 itself introduced architectural changes (dual
40-bit channels per DIMM, on-die ECC, per-DIMM PMIC). JEDEC expanded DDR5 to 8800 MT/s (©°! www.anandtech.com)
and even higher speeds may follow. DDR6 is being discussed for beyond 2025/26 (expected to push >10 Gb/s per pin,
higher density), but it will still inherently be planar PCBs. Some innovations in DDR space include processing-in-
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memory (embedding logic near DRAM) and heterogeneous memory hierarchies (e.g. partitioning hot data in HBM vs
cold in DDR). However, none match HBM's wide-bus concept.

Case in point: Intel is integrating HBM as a high-tier memory in addition to DDR5 (I°) www.anandtech.com) (°°)
wecftech.com). The Sapphire Rapids HBM variant supports 4x16GB HBM2E (64GB total) alongside DDR5 channels (1%
wecftech.com). Intel touts up to 3x performance on memory-bound HPC tasks compared to standard Xeons (©°°
wecftech.com). This reflects a hybrid approach: DDR provides large main memory pool; HBM provides a high-speed
cache layer.

Meanwhile, DDR DIMM density grows. DDR5 RDIMMs of 128 GB (per DIMM) are now shipping. And training workloads
often require >1 TB of RAM, beyond what HBM stacks can provide cheaply. Thus, DDR is here to stay for bulk storage.
But its role will shift more to bulk and less to peak throughput. The future memory hierarchy may look like: fast HBM
(10s-100s GB close to logic) + slower DDR (TBs further away), plus even slower NVRAM (SSD/PMem).

Case Studies and Real-World Examples

GPUs and Al Accelerators

The clearest impact of HBM is seen in GPUs (graphics and Al). For instance:

* NVIDIA H100 Tensor Core GPU (Hopper, 2022): Uses five stacks of 80 GB HBM3 (SXM5 form factor) for 3+ TB/s memory bandwidth
(|7| developer.nvidia.com) (‘37‘ developer.nvidia.com). This doubles memory bandwidth over the prior A100 (with 5x40 GB HBM2e).
The H100 enabling ~3 TB/s powerfully accelerates Al training (transformer engine) and HPC. Engineers report this feeds the new
Transformer accelerator at unprecedented rates.

« NVIDIA H200 / Blackwell (B100/B200/GB200, 2024-2025): H200 upgraded to 141 GB HBM3E (4.8 TB/s). The Blackwell B200
(launched late 2024) ships with 192 GB HBM3E across 8 stacks for 8 TB/s. The GB200 Grace-Blackwell Superchip pairs two B200s with
a Grace CPU for 384 GB HBM3E and 16 TB/s aggregate. The successor Rubin architecture (announced 2025, shipping 2026) is the first
NVIDIA platform to use HBM4.

¢ AMD Instinct MI1200/MI200/MI300/MI325/MI350 (2020-2025): Started with 32 GB HBM2 (MI100), moved to 64 GB HBM2 (MI200), then
MI300X with 192 GB HBM3 (5.3 TB/s). AMD refreshed with MI325X in Q4 2024 (256 GB HBM3E, 6 TB/s), and the MI350 / MI355X
launched mid-2025 with 288 GB HBM3E and 8 TB/s bandwidth on the CDNA 4 architecture — targeting Blackwell-class performance.
The MI400 series (2026) is expected to adopt HBM4. The MI300X stacks 12 dies per stack (2 GB each) to reach 192 GB per GPU and
5.6-6.4 TB/s ([45] www.nextplatform.com). AMD data shows MI300 outperforms NVIDIA GPUs on FP64 matrix workloads by ~1.6-1.9x

([39] www.nextplatform.com), largely thanks to wider memory.

« Intel Xeon Phi (Knights Landing, 2015): Though pre-HBM, it had on-package MCDRAM (modeled as HBM, 16 GB 3D XPoint)
delivering ~400 GB/s (‘46‘ www.anandtech.com). It treated this as a “flat” 16 GB address space or L3 cache, achieving much higher
performance than DDR-only Xeons. The KNL experience foreshadowed HBM: collocating memory yields orders-of-magnitude bandwidth
gains.

« Intel Sapphire Rapids (codename): A new Xeon that later in 2023 will ship with an HBM variant. As mentioned, it offers 64 GB HBM2e
on-package (WH wecftech.com), enabling big memory-bandwidth improvements. Intel highlights 2—-3x gains in HPC apps ([361

weccftech.com). Early leaks show it can also treat HBM as a cache, transparently accelerating workloads.

« Others: Custom Al chips (Google TPU, Cerebras WSE) often integrate HBM (or HBM-like) for maximum streaming bandwidth.
Networking and video ASICs also use HBM (e.g. Cisco’s in-house chips for routers).

In contrast, standard CPUs and GPUs that lack HBM rely on DDR/GDDR:

« Atypical data-center CPU (Xeon/EPYC) with 8—-12 DDR4/5 channels might achieve 500-800 GB/s total if all channels used. That's
competitive for many server tasks, but pales next to GPUs. For example, a single NVIDIA A100 (40 GB HBMZ2) delivered 1.6 TB/s,
equivalent to two big CPU nodes combined.
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e Consumer GPUs still use GDDR6X/7 (e.g. RTX 4000 series has 384-bit GDDR6X for ~1 TB/s). These serve gamers and creative PCs,
where capacity (10-24 GB) is balanced with bandwidth. HBM is mostly reserved for datacenter/compute due to cost.

Benchmarks and Data

Empirical data underscores the differences:

« BittWare FPGA Comparison: In testing FPGA accelerator cards, BittWare showed two DDR5-5600 DIMMs (4x40-bit channels) gave
~44.8 GB/s (on a 4-channel board) (WJ www.bittware.com). In contrast, an FPGA card with Xilinx/AMD 8-stack HBM2e achieved 256

GBI/s or more (°Z! ww.bittware.com). Figure from [32] & [33]: DDR5 double-channel vs HBM is about >5x difference.

o HBM2 Bandwidth: JEDEC HBM2 spec (2020 update) set a per-stack max of 410 GB/s (3.2 Gh/sx1024 bits) [Table 49]. This is already

6-8x a single DDR4/5 DIMM'’s throughput. Multi-stack GPUs multiply that (e.g. 4 stacks = 1.64 TB/s ([2] www.anandtech.com)). In
practice, GPUs sometimes do more (e.g. MI300A's 128GB yields 5.3 TB/s, meaning each stack ~0.66 TB/s with overclocking or bundling
beyond 1024-bit).

¢ Energy and Efficiency: HBM'’s shorter traces give ~18% system energy reduction in a multi-core simulation study ([29]
www.emergentmind.com). HBM also reduces idle energy: because tasks finish faster, total active time is cut; even if HBM's dynamic
power is higher, net energy use is lower. (Quoting, “Reducing execution time via higher bandwidth directly lowers total energy” (MBJ

www.emergentmind.com).)

* Ranking/HPC Charts: Many TOP500 or Al benchmarks now favor HBM GPUs. For example, the Frontier supercomputer (AMD EPYC +
Radeon Instinct) uses HBM3 GPUSs, yielding the fastest LINPACK. Conversely, CPU-centric leaders use DDR-Xeons in many nodes.

Case Example: NVIDIA H100 vs AMD MI300

A good example: the NVIDIA H100 (80 GB HBM3) vs AMD MI300A (128 GB HBM3). According to NextPlatform (=

www.nextplatform.com):

« H100 (80 GB HBM3): 3.35 TB/s total bandwidth, 66.9 TFLOPS FP64 at 700W.

» MI300A (128 GB HBM3): 5.3 TB/s, 122.6 TFLOPS FP64 at similar power.

That suggests MI300A has ~1.58x the memory bandwidth of H100 (5.3 vs 3.35 TB/s) and nearly 2x FP64 performance
(% www.nextplatform.com). Both use similar HBM3 stacks (MI300A uses 4x32GB stacks vs H100’s 5x16GB, plus AMD’s
advanced packaging). The takeaway: by adding more HBM stacks (and dies per stack), AMD gained both capacity
(128GB vs 80GB) and bandwidth (5.3TB/s vs 3.35TB/s). NVidia’'s upcoming successors (Blackwell) will likely extend this
further.

Another: AMD MI300X (integrating 8 GPUs to form 1 “super GPU") uses 12 dies per HBM3 stack for 192 GB and 5.6
TB/s () vww.nextplatiorm.com). They purposely reduced to 8 dies (128 GB, 3.35 TB/s) to save power/cost for H100 (NC6
configuration) (1“* www.nextplatiorm.com). This highlights a design trade-off: more HBM dies = more capacity/BW = more
power/cost.

Table: Representative Memory Configurations

Hardware Memory Type Capacity Bandwidth Notes

NVIDIA A100 (2020) HBM2 40 GB 40 GB ~1.6 TB/s 5x8 GB stacks
NVIDIA H100 (2022) HBM3 80 GB 80 GB 3.35TB/s 5x16 GB stacks
NVIDIA H200 (2024) HBM3E 141 GB 4.8TBls 6x24 GB stacks
NVIDIA B200 / GB200 (2024-25) HBM3E 192 GB /384 GB 8/16 TBIs 8x24 GB per B200
AMD MI325X (Q4 2024) HBM3E 256 GB 6 TB/s 8x32 GB stacks
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Hardware Memory Type Capacity Bandwidth Notes

AMD MI355X (mid-2025) HBM3E 288 GB 8TBIs CDNA 4 architecture ([37] developer.nvidia.com)
AMD MI100 (2020) HBM2 32 GB 32GB ~1.2TB/s 4x8 GB stacks

AMD MI250/MI200 (2020-22) HBM2e 64 GB 64 GB ~3.5TB/s 8x8 GB stacks

AMD MI300A (2023) HBM3 128GB 128 GB 5.3 TB/s 8x16 GB stacks (2 www. nextplatform.com)
Intel SPR-HBM Xeon HBM2e 64 GB 6468 ~2TBIs? 4x16 B stacks ((* wecftech.comy est)

Xilinx Alveo US0 (FPGA) HBM2 32 GB 32GB 460 GB/s 2x4-stack (ECC)

MARVELL OCTEON (ASIC) HBM2 16 GB 16 GB 256 GB/s 4x4 GB stacks

Standard Server (Xeon) DDR4 512 GB 512 GB ~204 GB/s 8xDDR4-3200 channels (ISJ vvvvvv.anandtech.corm
Standard Server (Xeon) DDR51TB 1TB ~409 GB/s 8xDDR5-5600 (DDR5-8800 spec exists)

RTX 4090 (2022) GDDR6X 24GB 24 GB ~178B/s 384-bit GDDREX@21Gbps

Notes: Bandwidths are approximate peak. HBM bandwidth is aggregate of all stacks. DDR bandwidth assumes all
channels used at full rated speed. Intel’s HBM Xeon numbers are estimates from leak indications. The last entry (RTX
4090) uses GDDR6X (not HBM) but shows alternative GPU memory.

Data and Analysis

A broad view of memory performance in 2025 shows a multi-tier hierarchy:

o HBM (3D-integrated): Peak bandwidth per GPU ~1-6 TB/s; per-bit energy ~few pJ.
« GDDR (discrete high-speed): Peak per-card ~0.7-1.0 TB/s (e.g. 320-384-bit @ 15-20 Gb/s).

- DDR (socket DIMM): 100-400 GB/s per CPU depending on channel count. Capacity core focus (hundreds of GB).

Recent studies highlight this dichotomy. For example, a UPlatz report (“The Bandwidth Dichotomy”) notes: “HBM has
extremely high bandwidth density, suitable for AI/HPC, but comes with limited capacity and high cost. DDR/GDDR have
larger capacity and lower cost per bit but cannot match HBM'’s bandwidth.” (UPlatz Blog). Another deep dive by
semiengineering outlines advantages/disadvantages: HBM'’s wide I/O and packaging yield 4-5x the bandwidth of DDR
per area (*/ www.wevolver.com) (*?l www.anandtech.com), and energy per bit is lower because HBM avoids driving signals

from a motherboard across connectors (") www.wevolver.com) (! www.wevolver.com).

Expert Opinions. Industry analysts repeatedly emphasize HBM's role for Al. TrendForce predicts demand for HBM will
accelerate, with layer stacks moving from 4Hi toward 8Hi/16Hi to boost capacity and bandwidth. JEDEC roadmap shows
emerging HBM3E and HBM4 standards with even higher speeds (°°! www.tomshardware.com) (technews.tw). Conversely,
mainstream forecasts show DDR price volatility but continuing production to meet large-scale DRAM demand (OpenAl’s
Stargate, etc.) (°°) wuw.tomshardware.com).

We also consider economic factors: HBM is ~10—20x% cost per GB of DDR. This restricts it to premium segments.
Reports from TrendForce and TechNews (2024-25) project HBM manufacturers (SK Hynix, Samsung, Micron) ramping
projects, but even by 2025 shortages persisted — memory supply was tight due to Al demand (technews.tw). However,
these producers expect hyper-scaling: for example, TechNews notes HBM4's advanced processing will need wafer fabs
normally used for logic, indicating convergence with advanced chip making (technews.tw).

Case Studies and Real-World Examples
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Nordic Supercomputer (Hypothetical Example)

Consider a realistic HPC node design in 2025:

o HBM Node: 2xHPC GPUs (e.g. AMD MI300X) each with 6 TB/s HBM3 memory, plus 4x8GB HBM2 CPU. Total memory ~400 GB
(including CPU/HBM), aggregate bandwidth ~12 TB/s. Used for deep learning, yielding, say, 120 TFLOPS of FP64 and 500 TFLOPS of
FP16.

+ DDR Node: 2xCPUs (64 cores each) with 16x64GB DDR5 channels (total 8 TB), 6 TB/s combined. GPUs (none or GDDR) contribute
another ~0.5 TB/s if present. Used for general HPC, total FP throughput much lower in double precision, but with huge capacity.

Benchmark: A breadth-first search in graph analytics might run 10x faster on the HBM node just because it can stream
data out of memory faster. By contrast, a batch processing job (like a big in-memory graph in DDR) could still prefer the
DDR node for capacity.

Impact on Software and Systems

HBM's introduction has subtle effects on system design:

« Software Optimality: Applications that assume “flat” large memory may run out of capacity on HBM-only systems. Programmers may
need to optimize for data locality (ensuring hot data uses HBM) and treat HBM as a manually managed cache or tier. Some systems
expose HBM as explicit memory (CUDA'S cudaMalloc on HBM, or UVA), while others auto-detect memory hot spots.

« Data Placement: For example, in a mixed HBM+DDR architecture, OS/pagekillers or runtime libraries may pin high-throughput data
structures in HBM, and leave bulk data in slower DDR. This resembles NUMA or tiered memory architectures of the past. The results:
latency-critical and bandwidth-heavy kernels reside in HBM; less demanding tasks run out of DDR.

o Server Use: Large enterprises (cloud providers) are starting to offer HBM instances (e.g. AWS Trainium (infer?), or Google Cloud TPU-
like devices). These find huge uses in Al training. However, for typical OLTP or web workloads, DDR is still the choice due to cost.

Future Directions and Implications

Looking forward, the memory landscape will continue diversifying:

« HBM4 and Beyond: JEDEC ratified the HBM4 standard in April 2025 with a 2048-bit interface and up to 16-Hi stacks. Early HBM4
samples from SK Hynix and Micron shipped to customers in late 2025, and NVIDIA Rubin (2026) and AMD MI400 series will be the first
major platforms to adopt it. HBM4E (2027-28) is projected to push per-pin rates beyond 10 Gb/s. Micron’s roadmap suggests customized
base dies for HBM4E (logic on memory) (technews.tw). HBM might start integrating simple functions (data copy engines, compression,
etc.) in-stacked. This blurs lines between memory and compute (processing-in-memory).

« DDRE®6: Also in development, likely to appear late 2020s, pushing DDR5’s limits further. It will raise per-pin rates and introduce new
features (e.g. better refresh, security). But DDR fundamentally remains 2D.

« Hybrid Memories: Some architectures explore putting HBM-like channels on-package for CPUs (as Intel is doing), or even adding
GDDR as intermediate. AMD’s future CPUs (Zen 5?) might also adopt some form of on-chip MCDRAM/HBM for accelerators.

« Emerging Alternatives: Technologies like High Bandwidth NVM (stacked ReRAM, 3D XPoint) could join HBM as high-throughput
memories. For example, Intel's Optane DC (3D XPoint) was used for capacity; future analogs could offer both persistence and bandwidth.
The AMD MI300X uses not only HBM3 but also integrates 2 stacks of 64GB APU-side memory (DDR5/LPDDR?).

« Economic: HBM supply chain could become a bottleneck. The January 2025 news suggests supply still tight ([39]
www.nexiplatform.com). If memory demand continues skyrocketing, prices will stay high or climb. Conversely, breakthroughs in cheaper
TSV manufacturing or new wide-bus specs (like cheap HBM variants) might emerge. Tom's Hardware notes an industry effort for a

“cheap HBM4 variant” with narrower interface (a GDDR alternative) ([50] www.tomshardware.com).
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« System Architecture: With enough high-bandwidth memory, future CPU/GPU designs might rely less on caches. A machine with TB/s
memory could treat memory and cache more interchangeably. Also, software paradigms (near-memory computing, ANSI HBM-aware
APIs) may arise. In the limit, the “memory wall” could shift to 1/0O (PCle, NVLink), pushing more logic into the memory domain or further
parallelizing CPU fabrics.

+ Research Directions: Academia continues exploring 3D DRAM (HBM is one example) and alternatives (e.g. Hybrid Memory Cube).
Emerging techniques like on-chip photonic links between stack and CPU, or more exotic 3D-integration, could be next. But for now, HBM
is the state-of-the-art for high-throughput DRAM.

Discussion

The analysis shows clear trade-offs. HBM'’s strength is unassailable bandwidth: it breaks the “serial” bus model of DDR

by going wide. This unlocks new capabilities in machine learning, HPC, and graphics. However, it comes at cost: limited

capacity, high price, and thermal constraints (I° semiengineering.com) (**) vaw.anandtech.com). DDR’s strength remains in
general-purpose flexibility: cheap, large, and well-supported.

Controversies and diverse perspectives exist. Some argue (see Rambus IP executive in [6]) that HBM does not solve
fundamental DRAM limitations — it only reallocates them. For instance, HBM must still refresh, suffers from analog DRAM
constraints, and adds heat packaging issues (I° semiengineering.com). Others counter that overcoming the interface
bottleneck is the critical win for new domains. Realist view: both HBM and DDR will coexist. Many products (e.g. AMD
APUs, Intel's next Xeons) may offer hybrid memory, leveraging each where appropriate (1°°! wecftech.com) (29

www.anandtech.com).

We must also consider software and algorithmic implications. Workloads must evolve to harvest HBM. Some Al
developers reshape architectures (batch sizes, data layout) to stream from HBM. In HPC, libraries (BLAS, etc.) tune
block sizes. Conversely, tasks with poor locality see smaller benefits; if an algorithm continually thrashes memory non-
sequentially, even HBM might saturate. This means hardware advances spur new programming models (e.g. auto-
distinguish HBM vs DDR data, dataflow kernels).

Finally, system-level cost: building an HBM-enabled server is more complex. Besides chip cost, boards need silicon
interposers, fine-pitch packaging, and specialized cooling. Cluster design may shift: fewer, larger memory nodes (GPU-
heavy) vs many cheaper DDR nodes. The balance of capital vs operational expenses will drive adoption.

Conclusion

High-Bandwidth Memory represents a paradigm shift in DRAM design. Its 3D stacking and ultra-wide interface unleash
an order-of-magnitude more throughput than DDR, crucial for modern Al and HPC workloads. Our comprehensive review
has detailed how HBM works (through TSVs, interposers, stacked dies) and why it differs from traditional DDR (massively
parallel bus, packaging, and integration). We have shown with data that HBM’s bandwidth advantage is profound (/!

www.anandtech.com) (! developer.nvidia.com), though it pays in cost and capacity.

DDR, by comparison, continues to serve mainstream needs effectively. Innovations in DDR5/6 will push limits, but the
physics of off-chip routing cap its bandwidth. HBM addresses that bottleneck, albeit only for specialized contexts. In
effect, HBM and DDR are complementary technologies: DDR for volumetric memory needs, HBM for bandwidth-intensive

correlation.

Looking ahead, HBM's future (HBM3E, HBM4) promises even higher speeds (potentially doubling again) ("
www.tomshardware.com). At the same time, the memory hierarchy may diversify with new tiers. The high-level trend is
clear: “memory walls” are being torn down from the other side. Processors will continue to gain enormous
throughput, but will require ever-more creative memory designs to keep up. HBM is a leading example of such
innovation, and our report has documented its architecture, advantages, and evolution.
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All points made herein are supported by industry literature, whitepapers, and technical analyses (° semiengineering.com)
(“www.anandtech.com) (I developer.nvidia.com) (°°) weeftech.com). Future work could measure actual application
speedups on hybrid memory systems, or analyze cost/tradeoffs in real deployments. As of 2025, the conclusion is that
HBM has indeed “sheng |i” (succeeded) at its goal: to end the memory bandwidth bottleneck for high-performance
systems, while leaving DDR to carry on in its longstanding role.
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IntuitionLabs - Industry Leadership & Services

North America's #1 Al Software Development Firm for Pharmaceutical & Biotech: IntuitionLabs leads the US market
in custom Al software development and pharma implementations with proven results across public biotech and
pharmaceutical companies.

Elite Client Portfolio: Trusted by NASDAQ-listed pharmaceutical companies.

Regulatory Excellence: Only US Al consultancy with comprehensive FDA, EMA, and 21 CFR Part 11 compliance
expertise for pharmaceutical drug development and commercialization.

Founder Excellence: Led by Adrien Laurent, San Francisco Bay Area-based Al expert with 20+ years in software
development, multiple successful exits, and patent holder. Recognized as one of the top Al experts in the USA.

Custom Al Software Development: Build tailored pharmaceutical Al applications, custom CRMs, chatbots, and ERP
systems with advanced analytics and regulatory compliance capabilities.

Private Al Infrastructure: Secure air-gapped Al deployments, on-premise LLM hosting, and private cloud Al infrastructure
for pharmaceutical companies requiring data isolation and compliance.

Document Processing Systems: Advanced PDF parsing, unstructured to structured data conversion, automated
document analysis, and intelligent data extraction from clinical and regulatory documents.

Custom CRM Development: Build tailored pharmaceutical CRM solutions, Veeva integrations, and custom field force
applications with advanced analytics and reporting capabilities.

Al Chatbot Development: Create intelligent medical information chatbots, GenAl sales assistants, and automated
customer service solutions for pharma companies.

Custom ERP Development: Design and develop pharmaceutical-specific ERP systems, inventory management
solutions, and regulatory compliance platforms.

Big Data & Analytics: Large-scale data processing, predictive modeling, clinical trial analytics, and real-time
pharmaceutical market intelligence systems.

Dashboard & Visualization: Interactive business intelligence dashboards, real-time KPI monitoring, and custom data
visualization solutions for pharmaceutical insights.

Al Consulting & Training: Comprehensive Al strategy development, team training programs, and implementation
guidance for pharmaceutical organizations adopting Al technologies.

Contact founder Adrien Laurent and team at https://intuitionlabs.ai/contact for a consultation.
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DISCLAIMER

The information contained in this document is provided for educational and informational purposes only. We make no representations
or warranties of any kind, express or implied, about the completeness, accuracy, reliability, suitability, or availability of the information
contained herein.

Any reliance you place on such information is strictly at your own risk. In no event will IntuitionLabs.ai or its representatives be liable
for any loss or damage including without limitation, indirect or consequential loss or damage, or any loss or damage whatsoever arising
from the use of information presented in this document.

This document may contain content generated with the assistance of artificial intelligence technologies. Al-generated content may
contain errors, omissions, or inaccuracies. Readers are advised to independently verify any critical information before acting upon it.

All product names, logos, brands, trademarks, and registered trademarks mentioned in this document are the property of their
respective owners. All company, product, and service names used in this document are for identification purposes only. Use of these
names, logos, trademarks, and brands does not imply endorsement by the respective trademark holders.

IntuitionLabs.ai is North America's leading Al software development firm specializing exclusively in pharmaceutical and biotech
companies. As the premier US-based Al software development company for drug development and commercialization, we deliver
cutting-edge custom Al applications, private LLM infrastructure, document processing systems, custom CRM/ERP development, and
regulatory compliance software. Founded in 2023 by Adrien Laurent, a top Al expert and multiple-exit founder with 20 years of software

development experience and patent holder, based in the San Francisco Bay Area.

This document does not constitute professional or legal advice. For specific guidance related to your business needs, please consult
with appropriate qualified professionals.
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