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time-division multiplexing, code-division multiplexing, & hybrid code/time-division multiplexing
LNA LNA

modulated FB1 signals

Hybrid C/TDM: 4 TESs connected to 4 SQ1s three different ways:
TDM-4; CDM-4; and a hybrid, 2-row CDM in time division with another 2-row CDM.
In any of these, the SQ1s are run as TDM-4 and only the TES couplings are different.
A backup option for X-IFU is CDM16xT4, or 4 TDM’ed banks, each of CDM-16.
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TDM: Schematic of 2-column x 2-row TDM to illustrate the technique.
A backup option for X-IFU is TDM with Nrows ≤ 40 and Ncols ≤ 96 CDM: Schematic of 1-column x 4-row flux-summing CDM to illustrate the technique.

demodulated ITES signals

X-IFU-like TDM readout of LPA2.5a TESs with 40 timing rows (in older 8-col x 32-row system)

other 1-column x “40-row” TDM

Al Kα (1.5 keV)
31 of 32 TESs
126k counts in Al Kα
ΔEFWHM = 1.91 ± 0.01 eV

Ti Kα (4.5 keV)
31 of 32 TESs
75k counts in Ti Kα
ΔEFWHM = 2.10 ± 0.02 eV

Co Kα (6.9 keV)
29 of 32 TESs
167k counts in Co Kα
ΔEFWHM = 2.40 ± 0.02 eV

Br Kα (11.9 keV)
29 of 32 TESs
107k counts in Br Kα
ΔEFWHM = 3.44 ± 0.04 eV

Ti Kα (4.5 keV)
85 of 96 TESs
360k counts in Ti Kα
ΔEFWHM = 2.03 ± 0.01 eV

Co Kα (6.9 keV)
85 of 96 TESs
743k counts in Co Kα
ΔEFWHM = 2.40 ± 0.01 eV

3-column x “40-row” TDM

Mn Kα (5.9 keV)
29 of 32 TESs
187k counts in MnKα
ΔEFWHM = 2.23 ± 0.02 eV

1-col x “40-row” TDM; Mn Kα:
• ΔE ranged from 1.99 eV to 2.49 eV
• ΔEavg : 2.23 eV
• TDM degradation ~ 0.2 eV

“40-row” TDM: To simulate the timing and noise of
40-row TDM, the 32-row TDM system (32 LPA2.5a
TESs and 32 SQ1s) was run with row 32 repeated
8 times.
Circuit parameters (RTES_op, RTES_shunt, Lloop, and Min)
and operating/analysis parameters (trow, trec, input X-
ray rate, and the fraction of events surviving pileup
and crosstalk cuts) were chosen to make the
experiment faithful to X-IFU’s requirements.

new 960-pixel platform:  24-col x 40-row TDM or hybrid C/TDM up to 64 rows (CDM16xT4)

ΔE vs. EX-ray for LPA2.5a TDM-40

• X-IFU’s resolution requirements:
• ΔE < 2.5 eV for E ≤ 7 keV
• ΔE < 5 eV at E = 10 keV
• “goal”: ΔE < 2.0 eV for E ≤ 1 keV.

• TDM-40 results exceed these.
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FPA parts:
Nb-on-Kapton flex
(160 pairs; NASA)

carrier chip
(4 columns; NIST)

TDM chip
(10 SQ1s; NIST)
LNy and Rsh chip
(10 channels; NIST)

column-wiring PCB
(supplies 8 columns;
commercial)

row-address PCBs
(40 RAs for all cols;
commercial)

Purpose #1:  screen X-IFU TES arrays.    Purpose #2:  continue development of TDM and hybrid C/TDM for X-IFU
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Intrinsic resolution of pixels
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Contributor to energy 
resolution budget

Energy 
resolution

TES pixel 2.070 eV
TES Rsh 0.150 eV

TDM readout:  broadband 0.704 eV

readout:  other 0.151 eV
record length 1%

“readout level” sub-total 2.243 eV
other terms 0.810 eV

margin 0.750 eV
TOTAL 2.500 eV
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Multiplexed performance at 7 keV
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X-IFU instrument
requirements

 8x32 resolution

detector+readout only

8x32 Results: Co-K⍺

Improved MUXed result demonstrated at 7 keV
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ATHENA-scale array development

• Latest ATHENA-3B are full size arrays of pixels with LPA2.5a TESs on 275 um pitch, ~ 5 um gaps
between pixels.

• Energy resolution < 2 eV at 6 keV was observed in pixel from full-scale Athena—X-IFU style array for
the first time.
- Pixels tested very close to desired specification & showed good uniformity of sensors.
- First verification of performance in new set-up designed to accommodate full-size X-IFU arrays.
- Tests showed that the desired level of temperature control & magnetic environment stability &

vibration environment from the cryocooler does not affect performance.
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TDM: Schematic of 2-column x 2-row TDM to illustrate the technique.
A backup option for X-IFU is TDM with Nrows ≤ 40 and Ncols ≤ 96 CDM: Schematic of 1-column x 4-row flux-summing CDM to illustrate the technique.
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X-IFU-like TDM readout of LPA2.5a TESs with 40 timing rows (in older 8-col x 32-row system)
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• ΔE ranged from 1.99 eV to 2.49 eV
• ΔEavg : 2.23 eV
• TDM degradation ~ 0.2 eV

“40-row” TDM: To simulate the timing and noise of
40-row TDM, the 32-row TDM system (32 LPA2.5a
TESs and 32 SQ1s) was run with row 32 repeated
8 times.
Circuit parameters (RTES_op, RTES_shunt, Lloop, and Min)
and operating/analysis parameters (trow, trec, input X-
ray rate, and the fraction of events surviving pileup
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experiment faithful to X-IFU’s requirements.
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ΔE vs. EX-ray for LPA2.5a TDM-40
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Transitions from thin trace to thick trace

Lower trace (green) 1 micron wider
Upper trace (brown)

Global situation/progress: Athena-3D Array Development
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ATH3D New layout with more space on corners

RC4 – new RC3 – old 

• Automated wire-routing implemented
- Can now adjust pitch of pixels / size of muntins fairly easily.
- All pixels wired within array.

• Pixel orientation and mapped for use in data analysis
chosen:
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Next generation: “Athena-3D” array development

• First batch being fabricated.
• Test wafers needed to test that

arrays can survive vibration
verification (with flight-like
etched holes).
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Absorber samples (3) 
for QE test

Small chips for testing (3) –
released from wafer
(prototype of what we think 
is needed for final design.

Traditional 8x8 test-
chip (not in final 
design)

Alignment features 
used currently
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TES cover

Interconnect top flap clips

Interconnect top flap

Interconnect side flap

Carrier chip

Alignment pins

Top flap clips

Wafer clips

New carrier 
chip clips

SRON TES Mount
SRON TES mount is much larger and slightly thicker. 

The thickness can be accommodated by replacing the 6 
mounting blocks (pic bot right)

The diameter is a harder problem… It’s in conflict with the 
quarter round part, flap clipping system and the structure 
of the snout

Mounting block

2 solutions : 
- Removing the quarter-round part : no more transportation support for the interconnect 

and need to find new locations for clips and design of new transportation jig for the 
interconnect

- Wider snout : generates a lot of redesign of the side panels, interconnect, jig, radiation 
shield, Nb and mumetal shields

Designing new GSE for EM/QM/FM/FS program

• FPA design almost complete that will allow us
to test all pixels.

• Integrated interconnect separate from side
panel to allow more arrays tests per single side-
panel (~25-36 instead of 5-6)

7
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Yield

• Previously overall yield assumed for detection chain (not considering throughput of IR-blocking filters) was 98%,
with >99% yield expected for detectors.

• Have been working on yield “trade-off” bottom-up study to determine likely range of expected yields extrapolating
from yields observed in kilo-pixel arrays to date.

• Proposed an initial functional yield requirement of 93% (221 “dead” pixels) for the detector array
- at a confidence level of 92% will be able to produce >9 wafers that meet yield requirement for F.M.

• Further improvement could increase yield numbers towards 97% (95 “dead” pixels) through more enhanced post-
process defect mitigation
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requirement can be set at 93.4% for low mitigation for example (50% of fabricated wafers meet yield), but only 
96.6% for high mitigation (95% of fabricated wafers meet yield). This is summarized for each level on mitigation 
in table 6.  
 
 

Post-process 
mitigation level 

Proposed yield 
requirement 

Total wafers produced 
in QM/FM/FS period 

Number of wafers 
expected to meet yield 

requirement 

Probability of at least 9 
wafers meeting yield 

requirement 

None 92% 24 12 92% 

Low 93% 24 12 92% 

Medium 94% 18 12 96% 

High 97% 10 10 91% 

Table 6. Summary of proposed yield requirement for each level of mitigation, and consequence for 
the expected number of wafers that meet that requirement. 

 
Table 6 shows that, within this statistical analysis of independent failure modes, for any level of mitigation the 
yield requirement can be chosen to give a high level of confidence that at least 9 wafers can be found that 
meet the yield requirement. However, there are several concerns with the higher levels of mitigation that cannot 
be captured within this statistical analysis. The first is that the higher levels of mitigation have yet to be proven, 
although a number of programs at GSFC have successfully used a number of defect mitigation techniques.  
This means that by assuming that we can achieve these levels of mitigation and therefore high yields, we are 
taking on considerable risk. The second reason that higher mitigation levels may carry additional risk is from 
the greatly increased fabrication time. This increased fabrication time means fewer wafers are produced in 
total, as discussed, which increases the impact of the loss of one or two wafers to unforeseen circumstances 
in fabrication or testing. Furthermore, the longer fabrication time means that the fabrication team will be less 
able to adapt to any delays, or lessons learned in early product wafers. This, therefore, also leads to additional 
risk. This analysis is based on only a small number of wafers and could have large uncertainties.  

 

6.1.4 SIMULTANEOUS PERFORMANCE & YIELD REQUIREMENTS 
 

If we assume probability a wafer meets all requirements simultaneously = p(yield)*p(performance), then 
p(performance) is the probability that a wafer meets all the requirements other than the yield. This will cover a 
range of design requirements related to the properties of most pixels in the arrays fabricated such as the 
transition temperature (Tc) and the Tc uniformity, the normal resistance, the heat capacity, and quantum 
efficiency of the pixels. It is not supposed to reflect the possible “bad pixels” that could be caused by bismuth 
absorber shorts, or “tails” in a few absorbers caused by oxidation.  

 

Assuming that we want to have at least 90% confidence of finding at least 3 wafers, then we need 
p(performance) ~44%. p(performance) cannot be estimated at the moment but achieving a p(performance) of 
44% in the fabrication is not unreasonable. Below is a table of the different numbers for each mitigation level 
for reference.  
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Yield

Following study, X-IFU PI proposed new yield requirement for dead pixels of 95% (TBC).
• The X-IFU instrument will be holding an additional 2% of system level margin on the overall instrument yield (for all

contributions).
• One of two highest risks from GSFC detector program now retired.
• Loss of some assumed area for instrument, in addition to that from the X-ray optic.

9

Suggested 
requirement

Current  best 
estimate

Goal Comments

FPA wire bonds (side-panel 
carriers to TES array)

99.8 % 99.5% 99.8% Values based on a mature technology

MUX chip 98% 98.5% 99% Assumptions: 32 best chips for FM out of 250 chips fabricated and 
screened, 96% average, overall pixel yield 

MUX chip carrier 99% 99% 99% MUX chip to TES array connection with strip lines 

Bump bonds (TDM chips to 
side-panel carrier)

99.8% 99%(TBC) 99.8% Values based on a mature technology

Main sensor array 95% 93% 97% For FM : 92% confidence to produce 9 wafers with CBE yield

Total 91.6% 89% 94.6%
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Calibration

• Test plan has been developed to address how to characterize and calibrate the energy scale and assess
whether the energy scale instrument requirements can be met.
- 1) Understanding how the energy scale evolves as environmental parameters are changed.
- 2) How well behaved the fitting function is between calibration points.
- 3) How well arrival time can be corrected and calibrated as a function of energy and environment.
- 4) How well gain can be corrected in the presence of various environmental drifts.
- 5) TDM read-out calibration accuracy has also been under study.

1
0

Fit parameterized function

double period
Parameterized function is a skewed Lorentzian plus a cosine

fixed period of 1where

asymmetry 
parameter

We fit for

There are 5 parameters:

fit for 1/g since f(x) → cos() as 1/g → 0
ignore points in 
gap regions

Fit parameterized function

double period
Parameterized function is a skewed Lorentzian plus a cosine

fixed period of 1where

asymmetry 
parameter

We fit for

There are 5 parameters:

fit for 1/g since f(x) → cos() as 1/g → 0
ignore points in 
gap regions

Correct event energies

Event: energy and lagphase

1. Interpolate each parameter using the event energy
2. Evaluate parameterized function with the interpolated 

parameters at the event’s lagphase.
3. Divide the event energy by the function value.

xs

per-pixel all-pixel
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Each side panel has 4 TDM chips
Each TDM chip has readout circuitry for 4 columns of 34 rows
The TDM chips are indium bumped to the side panel carriers

4 columns, 34 rows
15.5 mm x 20.6 mm

ATHENA X-IFU time-division multiplexers – SQUID-based read-out chips
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TDM unit cell development

Mux19a 
(used 8x32 TDM demos) Mux20a 

(new TDM chip)

(Both chips shown on same scale)

0.65x area

NIST have successfully demonstrated new lower power, smaller chip area 
multiplexer unit cell.

• New footprint is 0.65 x area compared with previous designs 
and meets design requirements of X-IFU side-panels.

• Power dissipation of multiplexers (at 50 mK) is 60% lower than 
the previous generation.

• Broad band SQUID noise is also significantly lower than the 
previous generation.

Unit Cell Redesign
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4x34 Chip dimensions and bump count

Prototype 2-dimentional TDM chip now 
designed:

• Chip size is 20.6 mm x 15.5 mm.

• There are 5,263 total In bumps.  
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Schedule
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TRL- 5 Requirements:

Subset of +100 Pixels Demo avg energy res.

Pixel Chars Meet X-IFU Count-rate & Thruput

Pixels meet rqmts on senstvty to env

Pixel yield has credible path

4 - Quantum Efficiency of Pixels Tested Meets QE 

5 - Reflectivity of absorbers >40%

6 - Pixels meet Therm Cross-talk

7 - Pixels meet Elec Cross Talk

8 - Thermal Design of Array Meets Bkgrnd

9 - Mechanical Robstns Demo to Launch Vib

10 - Radiation Robstns Demo thru suportng tests &

11 - Demo Energy Scale Calibration

12 - Demo bsln X-IFU interface/pkg between Detect

13 - Lifetime & Storage plan - 5 Milestones

- Demo Brassboard meeting all TRL-5 Milestones

X-Ray Integral Field Unit (X-IFU) Detector

Athena Mission Reviews & Milestones

X-IFU Instrument Reviews
X-IFU Detector Development Phases

X-IFU Hardware Deliveries

Detector

TRL-5 Development Milestones

Athena-1 Optimize Pixels

Athena-1k
Athena-1l
Athena-1m (DC Bias)

TRL-5/Athena-3 (Demonstration of Athena-scale Array Performance)

Athena-3b - LPA 2.5a
Athena-3c - Suspended
Athena-3d
Athena-3e

X - IFU Engineering Model (EM)

EM Design
EM Fab & Array Test Batch #1
EM Fab & Array Test Batch #2
EM Detector Prep & Ship

Additional EM Batch Array Testing
X - IFU Qualification/Flight/Flight Spare Models

Fab & Array Test Batch 1
Fab & Array Test Batch 2
Fab & Array Test Batch 3
Fab & Array Test Batch 4
Fab & Array Test Batch 5
Fab & Array Test Batch 6
QM Detector Prep & Ship
FM Detector Prep & Ship
FS Detector Prep & Ship

11/18MFR 6/15
Mission Adoption                       

6/29

11/1MFR 8/6
SRR

10/1 8/2 11/7 1/1
Phase B1 Phase B2 Phase C Phase D

9/1

TRL 5

1/18
DM FPA

4/27
STM

11/22
EM

2

7,8
1b,3

5, 6

1a
4 9,10,11,12,13

9/1 2/15
Funded Margin

1/13

1/19

8/17

1/29

           e1-e3 e4
7/11

Conceptual Design Review
EM Design Release

#1 6/27

#2 7/14

7/5EM Detector Delivery

Additional EM Array Development & Testing 5/9

QM/FM/FS Design & Manufacturing  Release

#1 2/24

#2 5/7

#3 8/5

#4 12/24

#5 5/28

#6 10/15

5/7QM Detector Delivery

2/6FM Detector Delivery

11/6FS Detector Delivery

TRL- 5 Requirements:

Subset of +100 Pixels Demo avg energy res.

Pixel Chars Meet X-IFU Count-rate & Thruput

Pixels meet rqmts on senstvty to env

Pixel yield has credible path

4 - Quantum Efficiency of Pixels Tested Meets QE 

5 - Reflectivity of absorbers >40%

6 - Pixels meet Therm Cross-talk

7 - Pixels meet Elec Cross Talk

8 - Thermal Design of Array Meets Bkgrnd

9 - Mechanical Robstns Demo to Launch Vib

10 - Radiation Robstns Demo thru suportng tests &

11 - Demo Energy Scale Calibration

12 - Demo bsln X-IFU interface/pkg between Detect

13 - Lifetime & Storage plan - 5 Milestones

- Demo Brassboard meeting all TRL-5 Milestones

• Does not yet include effects 
of recent delays in M.A. and 
SRR review.

• Realistic schedule to still 
complete all required 
activities.

• Challenging schedule to 
meet E.M. delivery.

• Lot of work still needs to be 
done to fully establish TRL-5 
prior to mission adoption &  
beginning of E.M. program.
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Other updates/comments

• Project office arranged a detailed technical readiness level and programmatic review with an external review board.
- The X-IFU detector and MUX read-out teams submitted their extensive review packages that described the TRL’s for

these technologies and the plans to reach TRL-6 from a technical standpoint, and programmatically in terms budget,
schedule and risk.

- Review generally agreed with internal assessment of the current TRL-levels.
- Several very useful suggestions technically and programmatically for both detector and read-out development.

• COVID
- Lots of critical design & planning work has taken place within U.S. team contributing to the X-IFU during period in

which team was teleworking due to COVID.
- Fabrication and testing has started again (Sept. 2020) and now proceeding at the ~ 75% level compared to normal

operation.
• Our budget now consists predominantly of our “marching army” workforce.

- Delays in schedule correspond almost almost proportionally to increase in cost of NASA contribution.
• Demonstration/test detection systems incorporating TDM read-out are almost ready to ship - will be delivered to IRAP

and SRON in the next couple of months.
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