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RICH PDMDB EDR
1. Power consumption estimates
Estimates of the power consumption and quantity of each components supplied by the PDMDB are summarised in Table 1 below.
	Component
	Estimated total power consumption
	Nº of devices on DB-R
	Nº of devices on DB-H
	Source

	GBTX (simplex transmitter mode)
	957 mW @ 1.5 V
	6
	2
	“GBT power consumption and total ionizing dose effects”[1]

	GBTX (transceiver mode)
	1452 mW @ 1.5V
	1
	1
	

	Kintex-7 FPGA
	1088 mW @ 1.0V
364 mW @1.8 V
5 mW @ 2.5 V
TOTAL: 1457 mW
	3
	2
	Estimated using Xilinx calculator[footnoteRef:1] [2] [1:  Assumes Kintex-7 XCK160T in FBG676 package; 100% usage of BRAM, LUT and FF; logic and BRAM clocked at 80 MHz; 9 LVDS RX lines and 14 LVDS TX lines, clocked at 320 MHz] 


	FEBs (each)
	128 mW @ 2.5 V
	8
	4
	Angelo Cotta Ramusino on behalf of CLARO/FEB team

	VTTX dual optical transmitter
	500 mW @ 2.5 V
	3
	2
	“The versatile link application note” [3]

	VTRX optical transceiver
	350 mW @ 2.5 V
	1
	1
	

	GBT-SCA
	55 mW @ 1.5 V
18 mW @2.5 V
	1
	1
	“GBT-SCA user manual” [4]


[bookmark: _Ref452026358]Table 1: Power consumption and quantity of significant components drawing current from digital board
From these data, it is clear that four separate voltage rails of 1V0, 1V5, 1V8 and 2V5 are required. Each of these rails is to be generated using the radiation-hard FEASTMP non-isolated DC-DC converter modules. This ensures a reasonable power supply efficiency, as well as reliability in the RICH radiation environment. 
[bookmark: _Ref453140358][image: ]
Figure 1: Photograph of the FEASTMP_CLP DC-DC converter module used for the power supply on the PDMDB (shown without and with cover)[5]. Dimensions are 43.5 x 17 mm.
The FEASTMP modules are capable of operating with an input voltage range of 5 - 12 VDC and are available in a range of fixed output voltage variants of between 0.9 – 3.3 V. Their output is rated at up to 4 A or 10 W [6]. For the RICH digital board, the low-profile “FEASTMP_CLP” variant of these modules is used. This is shown in 
Figure 1. These are electrically identical to the FEASTMP, but are connected to the board with a surface mount (rather than through-hole) connector and have reduced space requirements[5].
The total current required for each power supply rail is calculated based on the figures presented in Table 1 and the operating efficiency of the FEASTMP converters [6]. This is used to calculate the number of DC-DC converters required for both variants of the digital board and to estimate the spare capacity of each power supply rail. These figures are summarised in Table 2 for a PDMDB-R and in Table 3 for a PDMDB-H. These data are presented graphically in Figure 2. These figures also include the worst-case current requirements after exposure to ionising radiation equivalent to a TID of 1 Mrad. This primarily affects the 1.5 V rail and is described in more detail in section 1.3.
NOTE: These figures assume that a 3.3 V supply for a linear regulator will not be required by any future revisions of the FEB.
	Supply rail (V)
	Total current required (A)
	Min. nº of FEASTMP
	Approx. efficiency
	Spare DC-DC capacity (A)
	Notes

	1
	3.26
	1
	69%
	0.74
	(19%)
	FPGA core supply

	1.5
	4.83    [7.83]
	2
	74%
	3.17
	(79%)
	GBTX and GBT-SCA supply

	1.8
	0.61
	1
	80%
	3.39
	(85%)
	FPGA core supply

	2.5
	1.16
	1
	85%
	2.84
	(71%)
	FEB, GBT-SCA & VTxX supply


[bookmark: _Ref452028124]Table 2: Power rail requirements for PDMDB-R. Figures in square brackets are worst-case figures for ≥ 1 Mrad TID.
	
Supply rail (V)
	Total current required (A)
	Min. nº of FEASTMP
	Approx. efficiency
	Spare DC-DC capacity (A)
	Notes

	1
	2.17
	1
	74%
	1.83
	(46%)
	FPGA core supply

	1.5
	3.56     [5.73]
	1*
	78%
	0.44*
	(11%)
	GBTX and GBT-SCA supply

	1.8
	0.40
	1
	80%
	3.60
	(90%)
	FPGA core supply

	2.5
	0.56
	1
	85%
	3.44
	(86%)
	FEB, GBT-SCA & VTxX supply


[bookmark: _Ref452028128]Table 3: Power rail requirements for PDMDB-H. Figures in square brackets are worst-case figures for ≥ 1 Mrad TID.
*Although 1 FEASTMP converter is sufficient in principle for the PDMDB-H 1.5 V supply, the actual board will use two converters, to allow spare capacity for TID-induced increases in current consumption and to keep the board as similar as possible to the PDMDB-R.
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a) PDMDB-R
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b) PDMDB-H

	

	


[bookmark: _Ref452028212][bookmark: _Ref453083935]Figure 2: Power consumption of significant components powered by digital board, by power supply rail
Both variations of the digital board therefore require only one FEASTMP module for each of the 1V0, 1V8 and 2V5 rails. For the 1V5 power supply, two modules are required for the PDMDB-R variant. Whilst only one 1.5 V FEASTMP is required for the PDMDB-H in principle, it is intended that two should used to ensure sufficient capacity to cope with TID-induced increases in current consumption and to minimise design differences between the PDMDB-H and –R variants.
The precise distribution of loads on the 1V5 supply remains to be determined. It is not possible to operate FEASTMP modules in parallel, so the two supply rails must be separate. Having separate 1V5 power supplies for the TCM module and all of the DTM modules would give a logical separation between the data transmission and experimental control functions and would allow the DTM modules to be powered down when not required. However, this would result in the PDMDB-R power supply operating at close to capacity (3.8 A) with little leeway for TID-related increases in current. On the other hand, powering a TCM and DTM with one power supply and two DTMs with the second would give a better current distribution, but no way of powering down all the DTMs.
[bookmark: _Ref453056577]Input power requirements
It is intended that LV power to the RICH front end is provided using the existing Wiener Maraton power supplies (part number 0M22.0003). These have 12 channels, each with a rated output of up to 300 W or 55 A, at an output voltage of between 2 and 8 V[footnoteRef:2]. In practice, however, the PDMDB input voltage range is limited to between 5 and 8 V due to the minimum input voltage of the FEASTMP modules. This corresponds to a maximum output current per channel of 55 A at 5 V and 37.5 A at 8 V [7]. Ideally, a single Maraton channel will be used to power each column of photodetectors in both RICH 1 and RICH 2. [2:  Note: There is a discrepancy between the power supply ratings quoted in LHCB-TDR-14 (7 V and 40 A) and the data sheet for the parts (part number 0M22.0003) installed in the pit (8 V and the lower of 55 A or 300 W). The latter is assumed to be correct in this document.] 

Higher input voltages are associated with slightly lower efficiencies from the FEASTMP DC-DC converters, as well as higher switching noise[6]. It is therefore preferable that lower input voltages should be used, provided that conduction losses are acceptable and that the current requirements are within the capabilities of the power supplies and cabling. Since changing the input voltage between 5 and 8 V requires no design changes, it is intended that the final value of input voltage should be selected after testing of the final board design.
The figures of tables Table 2 and Table 3 are used to estimate the input current requirements of both variants of PDMDB in Table 4. Recommended minimum input connector ratings are also suggested. These data are shown graphically in Figure 3.
	
	Estimated input current at 5 V (A)
	Estimated input current at 8 V (A)
	Recommended minimum input connector current rating (A)

	PDMDB-R
	3.86      [5.30]
	2.41      [3.32]
	6.0

	PDMDB-H
	2.46      [3.43]
	1.54      [2.15]
	4.0


[bookmark: _Ref452547559]Table 4: Estimated input current requirements and recommended connector ratings for both PDMDB variants. Figures in square brackets are worst-case figures for ≥ 1 Mrad TID.
In RICH 1, there will be a total of 12 PDMDB-Rs per column, requiring an estimated input current of 
46.3 A at 5 V, or 29.0 A at 8 V. In RICH 2, there will be four PDMDB-R and four PDMDB-H boards per column, requiring an estimated input current of 25.3 A at 5 V, or 15.8 A at 8 V. 
The input current required by a complete column in RICH 2 is well within the operating capabilities of the Maraton power supply under all conditions, including following irradiation in excess of 
1 Mrad. It is also within the 35 A rating of the existing LV patch panel connectors, which will allow these to be re-used in upgrade.
If TID effects are small, a full column in RICH 1 can also be comfortably supplied by a single Maraton, with a minimum headroom of at least 15%. However, under worst-case radiation conditions, it is possible that the LV current requirement of a RICH 1 column could exceed the capacity of the Maraton power supply. This eventuality is discussed further in the section 1.3. The current requirement of a RICH 1 column also exceeds the 35 A rating of the existing LV patch panel connectors over at least half of the operating range. It is therefore strongly recommended that these are replaced with connectors rated to at least 55 A for the upgrade.
The estimated LV input current requirements for a column of photodetectors in RICH 1 and RICH 2 is shown compared to the operating limit of the Maraton power supplies in Figure 4.
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	[bookmark: _Ref452547759]Figure 3:   Estimated input current and recommended minimum input connector ratings for PDMDB-R and PDMDB-H variants
	[bookmark: _Ref452547882]Figure 4:   Current requirement for each photodetector column in RICH 1 (12 x PDMDB-R) and RICH 2 
(4 x PDMDB-R and 4 x PDMDB-H). The worst case lines are based on a dose rate of 100 krad/min and are likely to be lower in reality.


[bookmark: _Ref453255729]Radiation effects
The radiation environment of the RICH detector may cause a significant increase in the current requirements of the digital boards. This is due to a TID-induced increase in current consumption of some of the radiation-hard ICs, as well as a TID-induced drop in efficiency of the DC-DC converters.
Effect of TID on radiation-hard ICs
Radiation tests on both the GBTX and GBT-SCA have shown that their digital cores are susceptible to current increases associated with the total ionising dose (TID) experienced by the modules [1][4]. In the GBT-SCA, this is associated with up to a 75% increase in core current (36 → 63 mA), whilst in the GBTX, this is associated with up to a 350% increase in core current (120 → 550 mA). These core currents typically peak at doses of up to around 1 Mrad, before gradually decreasing as the dose increases further (Figure 5).
[image: ]
[bookmark: _Ref452557066]Figure 5: Effect of TID on GBTX power consumption [1]
Effect of TID on DC-DC converters
Radiation tests on the DC-DC converters have shown that a TID of the order of 1 Mrad or greater tends to lead to an efficiency drop of the module of up to around 3%. This has the effect of increasing the input current consumption by the same amount. There is also a small impact on the line regulation, load regulation and output voltage, although these effects are not large enough to be a cause for concern on these boards.
Effect of TID on FPGAs
The likely effect of TID on Kintex-7 FPGA power consumption is as yet unknown, although some increase in current consumption is expected. There is some spare capacity (>  ̴20%) on the 1V0, 1V8 and 2V5 power rails used by the FPGAs on both PDMDBs, which will allow the boards to cope with modest increases in current requirements. However, further irradiation tests on the Kintex-7 will be necessary to fully understand the likely impact of their TID behaviour on the power supply.
Notes on radiation figures
The dose rates experienced by the ICs and DC-DC converters in irradiation tests were typically around 100 krad/minute. This is far more severe than the radiation environment of the RICH, by a factor of at least 5×104 when compared to the worst case in RICH 1.
Irradiation measurements for the GBTX and FEASTMP both showed an annealing effect, whereby the behaviour of the devices reverted back towards its original value once the source of radiation was removed. This strongly suggests that the impact of TID effects on the power supply is likely to be much smaller than that seen in the radiation tests, as the devices will be better able to recover from the effects of radiation damage at a lower dose rate.
Furthermore, in both irradiation tests, the performance of the devices deteriorated up to a TID of around 1 Mrad, before improving at higher TID. 1 Mrad therefore represents the worst case. Since different parts of the photodetector columns are likely to experience different dose rates during operation, this suggests that any peaks in current consumption due to TID effects will be spread out between boards over time, depending on their dose rate. This would result in a smaller but wider peak in current consumption when compared to the worst-case figures presented here. 
Impact of TID on RICH 1
A PDMDB-R in the RICH 1 could receive a TID of 1 Mrad after around 5 years of operation in the worst case. If a current increase of the same magnitude as in irradiation tests were to be replicated on a PDMDB-R in RICH 1, a total current increase of 3.0 A on the 1.5 V rail could be expected. Such an increase in current would be just within the current capacity of the 1.5 V power supply for a PDMDB-R, provided that current is shared fairly evenly between the two power supplies (Figure 2).
It is possible that the LV current requirements of a heavily irradiated column of PDMDB-R boards in RICH 1 could exceed the current capacity of the Maraton power supply by around 5% in the worst case[footnoteRef:3] (Figure 4). Although such a severe worst-case is unlikely, this eventuality should not pose a serious problem to the operation of the detector. Any significant increase in current consumption would only occur after a few (>3-4) years of operation, such that serious TID-induced problems would become apparent slowly enough for action to be taken. In the very worst case, it may be necessary to upgrade the LV power supplies. However, this should be comparatively straightforward, since they are not an integral part of the main RICH assembly. [3:  Assuming that Vin is kept above 5.5 V.] 

Impact of TID on RICH 2
In RICH 2, the worst-case dose rate is somewhat lower – around 795 krad/year or less. Nevertheless, a PDMDB in RICH 2 could accumulate a TID of 1 Mrad in a little over 12 years. Thus the worst-case increase in current consumption for each GBTX and GBT-SCA is the same as for RICH 1. 
If a current increase of the same magnitude as seen in irradiation tests were to be replicated on a PDMDB-R in RICH 2, a total current increase of 2.2 A on the 1.5 V rail could be expected. This would be well within the capability of the FEASTMP modules, provided two are used for the 1.5 V rail on both the PDMDB-H and –R. Since a column in RICH 2 has substantially lower input current requirements than in RICH 1, even worst-case radiation effects will not exceed the capacity of a Maraton power supply if one is used per column.
Summary
Both PDMDB variants are expected to have sufficient capacity in their DC-DC converters to cope with worst-case increases in current consumption due to TID effects, provided that the Kintex-7 FPGA sees no more than a    ̴20% increase in its current consumption during irradiation. There is sufficient capacity in a LV Maraton power supply channel to power a full column in RICH 2 under all conditions. However, care must be taken that the ratings of a channel are not exceeded when powering a full column in RICH 1 under worst-case radiation conditions. To remove some of the remaining uncertainty about the effects of TID on the PDMDB power supply, irradiation studies on complete PDMDBs will be required, ideally at much lower dose rates (e.g. ≤1 krad/minute).
Cooling requirements
The heat dissipated by individual components on the PDMDB boards is estimated using the power supply figures given in section 0. Based on these figures, the total power dissipation expected from each subsystem is tabulated in Table 5 and the total power dissipation expected from each PDMDB variant is tabulated in Table 6. Worst-case estimates of power dissipation are also provided, based on power consumption measurements of individual components at >1 Mrad TID.
The contributions of individual components to the power dissipation of each sub-system are illustrated in Figure 6 and the location of significant heat-dissipating components is shown in Figure 8.
	Sub-system
	Component
	Qty
	Power (mW)
	Total heat dissipation (mW)

	DTM
	GBTX
	2
	957 [1602]
	2414 [3704]

	
	Optical TX
	2
	250
	

	TCM
	GBTX
	1
	1452 [2097]
	1875 [2563]

	
	Optical TX/RX
	1
	350
	

	
	GBT-SCA
	1
	73 [116]
	

	FPGA
	Kintex-7 (each)
	1
	1457
	1457

	PDMDB-R power supply
	1V0 regulator
	1
	1010 [1108]
	3550 [5306]

	
	1V5 regulator
	2
	943 [1712]
	

	
	1V8 regulator
	1
	218 [251]
	

	
	2V5 regulator
	1
	436 [523]
	

	PDMDB-H power supply
	1V0 regulator
	1
	565 [630]
	2092 [3197]

	
	1V5 regulator
	2
	587 [1075]
	

	
	1V8 regulator
	1
	145 [167]
	

	
	2V5 regulator
	1
	208 [250]
	


[bookmark: _Ref453249593][bookmark: _Ref453249588]Table 5: Estimated heat dissipation for components within PDMDB sub-systems. 
Figures in square brackets are for worst-case heat dissipation following 1Mrad TID
	Sub-system
	Assembly heat dissipation (mW)
	Quantity on PDMDB-R
	Quantity on PDMDB-H
	Total PDMDB-R heat dissipation (W)
	Total PDMDB-H heat dissipation (W)

	DTM
	2414 [3704]
	3
	2
	7.2 [11.1]
	4.8 [7.4]

	TCM
	1875 [2563]
	1
	1
	1.9 [2.6]
	1.9 [2.6]

	FPGA
	1457
	3
	2
	4.4
	2.9

	-R Power supply
	3550 [5306]
	1
	-
	3.6 [5.3]
	-

	-H Power supply
	2092 [3197]
	-
	1
	-
	2.1 [3.2]

	
	TOTAL
	17.1 [23.4]
	11.7 [16.1]


[bookmark: _Ref453249595]Table 6: Estimated heat dissipation for PDMDB variants, including contributions from individual sub-systems. 
Figures in square brackets are for worst-case heat dissipation following 1Mrad TID
The total power dissipation of a column of photodetectors is important for calculating overall detector cooling requirements. In normal operation, a full column of 12 PDMDB-R boards in RICH 1 is estimated to dissipate 205 W, whilst a full column of 4 PDMDB-R and PDMDB-H boards in RICH 2 is estimated to dissipate 115 W.
The total power dissipation of the boards is expected to increase over time due to the effects of ionising radiation. In the worst case, TID effects can be expected to cause a full column in RICH 1 to dissipate up to 280 W and a full column in RICH 2 to dissipate up to 158 W. The heat dissipation of individual PDMDB –R and –H boards as well as complete columns in RICH 1 and RICH 2 is illustrated in Figure 7.
These figures are in line with the worst-case estimates for cooling power used in [8] and[9]. However, it is important to note that they only account for power dissipation in the PDMDB and its modules (i.e. components to be cooled by the levelling plate). They do not include power dissipation in the MaPMTs or FEBs.
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	[bookmark: _Ref453253392][bookmark: _Ref453253290]Figure 6: Typical contributions of individual components to heat dissipation of PDMDB sub-systems
	[bookmark: _Ref453255224]Figure 7: Typical and worst case (>1 Mrad TID) estimates of total heat dissipation for PDMDB variants and for complete RICH 1 and RICH 2 columns
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	a) PDMDB-R
	b) PDMDB-H


[bookmark: _Ref453255476]Figure 8: Sketch of PDMDB variants showing approximate position and magnitude of major heat generators. Figures in square brackets represent worst-case estimates after 1 Mrad TID
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