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2.0 TECHNOLOGY 
 

2.1 Technology Overview 
 

Leadership Team 
 

Robert Raymond, Oracle (Team Director) 
Bob Biskeborn, IBM (Tape Head Technology Team Co-leader) 
Evangelos Eleftheriou, IBM (Recording Channel Electronics Technology Team Leader) 
Larry Neumann, Quantum (Tape Head Technology Team Co-leader) 
Larry Olson, Imation (Recording Media Technology Team Leader) 
Paul Poorman, Hewlett-Packard (Tape Transport Technology Team Leader) 
 
2.1.1  Introduction 
 

This section discusses the Tape Technology Roadmap as well as the technologies and 
challenges needed to execute the ten-year Technology Roadmap goals.  The approach is to 
determine what Roadmap goals are needed for tape to remain a viable storage alternative in the 
markets described in the preceding Applications and Systems section.  The Roadmap was 
developed to preserve the cost advantage that tape has over hard disk drive (HDD) technology 
in these applications.  The metric used is the cost per gigabyte (GB) of data stored.  The 
method to reduce the cost per GB of tape is to push the technology to enable storing more data 
in the same half-inch form factor cartridge without significant increase in cost of the cartridge.  
The Roadmap discussed here is a linear tape roadmap, which has its base primarily in the 
enterprise and midrange tape markets.  Low-end tape is experiencing competitive pressures 
from both HDD and optical data storage technologies. 
 
The cost per GB reduction for HDD is driven in large part by the areal density growth of the hard 
disk technology.  As shown in Figure 1, below, the areal density growth for HDD was about 
35%-40% per year during the past decade, but now due to challenges in overcoming the super-
paramagnetic effect there is uncertainty over the timing and the eventual success of the 
introduction of new technologies needed to maintain that growth rate.  As a result, you can start 
to see a possible reduction in the HDD areal density growth over the last couple of years.  To 
keep the cost advantage of tape over disk, we require the user capacity growth of a half-inch 
form factor tape cartridge to roughly double every 2 years, which is a 41% per year capacity 
growth.  This is the same as shown in the 2008 INSIC International Magnetic Tape Storage 
Roadmap [1].  The user annual data rate growth for tape is set to 22% to give reasonable tape 
speed and number of channels in the later years of the Roadmap.  
 
The Tape Technology Roadmap is summarized in Table 1, below, with the projected capacity 
and data rate improvements shown, along with the necessary progress required in key technical 
parameters to achieve these growth rates. The Tape Technology Roadmap shown here 
requires an areal density in the year 2022 that is about where HDD technology was in 2002 and 
so has been shown to be feasible from a magnetic recording technology demonstration 
viewpoint.  Therefore, from a fundamental areal density perspective, we feel the 2022 areal 
density point is very doable.  This Roadmap is not a product roadmap but rather a technology 
roadmap that might represent an average of possible products, so there may be no specific 
products shipping or planned at these exact numbers.  For example, the first year 2012 
Roadmap capacity is 4 TB, yet in 2011 the following products are shipping: the Oracle 
StorageTek T10000C at 5 TB [2], the IBM TS1140 at 4 TB [3] and the LTO-5 at 1.5 TB [4] 
capacities, so these product capacities span the Roadmap number.  
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Figure 1:  Hard Disk Drive Areal Density Trends.  Tape Product and Tape Technology Roadmap Areal 
Densities are Also Shown for Comparison [5]. 
 
 
Table 1:  2012 Tape Technology Roadmap Detail. 
 

Parameter/Year 2012 2014 2016 2018 2020 2022

1. Capacity (TB) 4 8 16 32 64 128 41.42% per year
2. Data rate per channel (MB/sec) 11.2 13.8 17.0 20.9 25.8 31.8 11.00% per year
3. Total data rate (MB/sec) 270.0 405.0 607.4 911.0 1366.5 2049.6 22.47% per year
4. FC Speed Roadmap (MB/sec)* 3200 6400 12800 12800 25600 25600
5. Number of channels 24 29 36 43 53 64 10.33%
6. Tape thickness (µm) 6.00 5.53 5.10 4.70 4.33 3.99 -4.00% per year
7. Data capacity reserve 5.0% 5.0% 5.0% 5.0% 5.0% 5.0% defect reserve 
8. Tape length that is recordable (meters) 867 941 1,021 1,107 1,202 1,304 3.90% winding reserve
9. Tape length total (meters) 902 979 1,062 1,152 1,250 1,357 4.17%
10. Track density (TPI) 6,506 9,773 14,787 22,498 34,393 52,791 23.29% per year
11. Linear bit density (KFCI)** 467 545 635 741 864 1,008 8.00% per year

12. Areal density (Gbits/inch2) 3.04 5.32 9.39 16.67 29.73 53.22 33.15% per year
13. Tape speed (m/sec) 6.4 6.6 6.8 7.0 7.3 7.5 1.63%
14. Tape width (mm) 12.65 12.65 12.65 12.65 12.65 12.65
15. ECC and formatting overhead 24.00% 21.84% 19.88% 18.09% 16.47% 14.99% -4.60% per year
16. Servo track and layout overhead*** 18.46% 16.59% 15.02% 13.67% 12.50% 11.49% -7.00% per year
17. Number of passes to write a tape 110 138 175 222 283 361
18. Time to fill a tape (minutes) 247 329 439 585 781 1,041 15.47%
19. Number of passes to end of media life 30,300 33,406 36,830 40,605 44,767 49,356 5.00% per year
20. Number of data tracks 2,642 4,060 6,258 9,673 14,988 23,272 24.31% per year
21. Bit Aspect Ratio (BAR) 88 67 51 38 29 22 -13.12% per year

* See Reference [6]
** Defined as the 1T KFCI where T is the data cell length
*** On non-capacity reserve overhead only  
 
Even though the areal density of tape is much lower than HDD, tape gets its capacity advantage 
over hard disk by having a much larger recording surface in a cartridge, with about 1000X the 
area of a 3.5-inch disk platter, and subsequently does not need as high a recorded areal density 
to achieve its cost per GB advantage. 
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2.1.2  Roadmap Discussion 
 

In reference to Table 1, above, the entries highlighted in yellow are inputs into the Roadmap; 
the other entries are calculated based on these inputs; additionally:  
 

1) Capacity is the user native (un-compressed) capacity in terabytes (TB) of data, with 
year 2012 of 4 TB being an input as is the 41% per year capacity growth.  The 41% 
matches or exceeds the anticipated HDD technology growth rate and gives a doubling of 
capacity every two years.  Tape drives have internal compression hardware that can 
provide lossless compression if the data has some compressible content.  This yields 
higher data rates and capacities over the native ones discussed in the Roadmap.  The 
Roadmap does not include compression capabilities, so real user capacities and data 
rates could actually be better than what the Roadmap shows. 
 

2) Data rate per channel is the data rate of each channel that writes one track of data.  
This gives the required capability of each transducer in the head.  This growth was 
chosen to give a reasonable number of channels and tape speed in the later years. 
 

3) Total data rate is the maximum native (un-compressed) data rate that a user can get.  It 
is the data rate per channel times the number of channels (or data tracks) that the drive 
simultaneously writes and reads as the tape moves under the head. 
  

4) The FC (Fibre Channel Industry Association) Speed Roadmap reference [6] is 
included to show that the fibre channel speed is more than 10X the data rate of the tape 
drive, even out to the year 2022, and is adequate to handle the drive data.  For midrange 
products that do not use the Fibre Channel attachment interface, we expect that the 
interface data rate will not become a limiting factor on overall data transfer rates during 
the Roadmap timeframe [7].   
 

5) Number of channels is the number of simultaneous data tracks the drive reads and 
writes as the tape passes under the head.  It is calculated by taking the total data rate 
and dividing by the data rate per channel.  This number should be viewed as an average 
capability of possible design options and not as a specific design option.  For example, 
today’s LTO-5 has 16 channels and the Oracle T10000C has 32. 
 

6) Tape thickness is the total thickness of the tape and is given as an input into the 
Roadmap.  The thinner the tape, the more tape that can be contained in the cartridge, 
resulting in more capacity.  Increasing capacity by thinning the tape results in the 
cartridge cost increasing somewhat, since each cartridge then contains more tape.  
Thinning the tape also adds technical challenges to handling of the tape in the drive.  
The numbers were chosen to represent what is considered achievable.  Products 
shipping in 2011 had a tape thickness of 5.2 µm, so we believe that the numbers shown 
in the Roadmap seem reasonable as an average of products. 
  

7) Data capacity reserve is how much additional capacity the cartridge has over the user 
capacity defined in 1.  This is used to make sure that tape to tape copies can be done 
without overflow due to possible defects in the media.  It is obtained by having some 
extra wraps (i.e., extra length of tape).  This is assumed to be fixed at 3.9% for the entire 
10-year Roadmap. 
 

8) Tape length that is recordable is the length of tape required to store the defined tape 
capacity.  It is used to calculate areal density based on the defined capacity.  It does not 
include reserved space for defect mapping or for other uses.  
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9) Tape length total is the length of tape as defined in 8, above, plus additional length 
used for connection of the tape to a leader mechanism as well excess tape used for 
wrapping around the drive take-up reel hub.  This is done to reduce the effects of hub 
surface imperfections, giving an effectively smoother hub surface for the portion of the 
tape storing customer data. 
  

10) Track density is the number of data tracks per inch (TPI) in the transverse direction of 
the tape.  This is calculated by taking the total areal density and dividing by the linear bit 
density in the down-track direction within a track.  This is a critical parameter in driving 
the technology as discussed in the following chapters.  When comparing to hard disk, 
the track density of tape is much less by a factor of 100.  This is necessitated by a 
combination of the long track lengths of tape, the dimensional instability of the flexible 
tape substrate and the multi-track recording, which place additional tolerance 
requirements on tape.  Track density improvement has been identified as the area with 
the greatest potential leverage for advancing tape technology. 
  

11) Linear bit density is the number of bits per inch going down a track.  It is defined here 
to be the number of data cells per inch and is expressed in KFCI (thousands of flux 
changes per inch).  The highest number of flux changes per inch occurs when one flux 
reversal is in every data cell, sometimes called the 1T KFCI where T is related to the 
length of the data cell.  This is also a critical parameter in driving the technology.  When 
comparing to hard disk, the linear tape density is only about a factor of 4 less, so there is 
not as much opportunity for improvement here as for the track density.  The 8% per year 
growth shown here was chosen to give reasonable linear bit densities in the later years 
of the Roadmap. 
 

12) Areal density is the raw number of data bits per square inch on the tape. It is calculated 
by taking the user capacity in item 1, above, and dividing by the usable tape area, 
factoring in all formatting, ECC (error correction code) and servo overheads shown in 15 
and 16, below.  Areal density is also equal to the product of track density and linear bit 
density. 
 

13) Tape speed is the velocity which the tape moves over the head when reading and 
writing at the maximum data rate.  In the Roadmap, it is calculated by dividing the data 
rate per channel by the linear bit density and factoring in the ECC and formatting 
overhead. 
 

14) Tape width is fixed at 12.65 mm for the entire Roadmap. 
 

15) ECC and formatting overhead is assumed to start at 24% in 2012, which is in line with 
current products shipping.  We felt we could improve on this overhead by 4.6% per year. 
 

16)  Servo track and layout overhead is assumed to be at 18.46% in 2012, which is in line 
with current products shipping.  We felt we could improve on this by 7% per year. 
 

17) The number of passes to write a tape is the number of end-to-end passes required to 
completely fill the tape with data.  It is calculated by taking the total number of tracks 
written on the tape and dividing by the number of channels (simultaneous tracks written 
by the head).  
 

18) Time to fill a tape is how long it takes, in minutes, to completely fill a tape when writing 
at the maximum data rate.  This number is increasing since it is easier to increase tape 
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capacity than data rate.  The increase shown in this Roadmap is felt to be acceptable,
especially with the shift in the use of tape away from short-term backup and towards
long-term archive.

19) Number of passes to end of media life is number of end-to-end passes along the tape
for the usable life.

20) Number of data tracks is calculated from other parameters and is the total number of
data tracks written on the tape to support the user capacity in item 1, above.

21) Bit Aspect Ratio (BAR) is the ratio of the track-width to bit length and is used as a
comparison to hard disk technology, which is at about 4 today.

2.1.3  Roadmap Trend Comparison
Figures 2 through 6, which follow, show how historical tape product specification trends
compare to the Roadmap moving ahead.  Based on past history, we believe that the 2012-2022
Tape Technology Roadmap is quite realistic.  Also, as expected, the Roadmap shows a greater
increase in TPI over FCI, which is shown in the accelerated reduction of the bit aspect ratio
(BAR) in the Roadmap.

Figure 2: Tape Linear Bit Density Trend.

INSIC 2012 Roadmap

Linear Tape Products

13% per year

8% per year
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Figure 3: Tape Track Density (TPI) Trend.

Figure 4: Tape Cartridge Capacity Trend.
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Figure 5: Tape Data Rate Trend.

Figure 6: Tape Bit Aspect Ratio (BAR) Trend.
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2.1.4  Key Technology Challenges 
 

The combination of BaFe (barium ferrite) particulate media with GMR (giant magnetoresistive) 
recording heads has emerged as the technology recipe that will most likely carry tape into the 
future.  Two high-capacity products that implement this combination of technologies began 
shipping in 2011.  In addition, technology demonstrations have been done showing tape 
capacities out to at least 35 terabytes (TB) with these technologies.  One of the challenges 
highlighted in this Roadmap is to determine how these technologies might be pushed to achieve 
the 128 TB capacity target in the year 2022 or, alternatively, if something else will be needed to 
replace these technologies in that timeframe.  Since tape recording systems result in contact 
between the head and media, tribology issues need to be studied for the more aggressive 
reduction in head to tape spacing and smoother surfaces that will be required. 
 
The following sections of the Roadmap discuss the key technology areas that comprise a tape 
drive: the read-write channel, head, media, and mechanical transport mechanisms.  Each of 
these areas has been explored in detail by its respective technical team, and the technology 
challenges and options are documented in these sections. 
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