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Development of timing monitoring system for time projection
chamber readout

K.Urano, A.Taketani, H.Baba, T.Murakami,∗1 T.Isobe, and K.Kurita∗2

Construction of a large time projection chamber
(TPC) is planned for experiments in order to study the
equation of state (EOS) of nuclear matter. In order to
determine the symmetry energy term of the EOS,1) it is
necessary to measure multi particles and their momen-
tum vectors simultaneously in the final state of heavy
ion collisions over a large phase space.2) The TPC is
a major part of the detector that is installed in the
SAMURAI magnet gap.

The general electronics for the TPC (GET) is cur-
rently being developed3) by a collaboration among
French, American, and Japanese institutions. The
GET includes front-end preamplifiers, analog pipeline
buffers, flash ADCs, trigger logics, a digital readout, a
timing synchronization system, and a data acquisition
system. In the GET system, 256 channels of preampli-
fiers, pipeline buffers, and flash ADCs are packed into
one printed circuit board called AsAd. The timing sig-
nal sent from a master timing module tends to fluctu-
ate on each AsAd board upon FPGA reprogramming.
Up to 128 AsAd boards form a single GET system
and they must be synchronized accurately to run with
an approximately 100-MHz sampling clock. A timing
monitoring system, called SPYBOX, plays an impor-
tant role for this purpose. The SPYBOX is required
to have:

(1) 128 input channels with LVDS signals from
FireWire connectors.4)

(2) Capability to compare the timing difference be-
tween any two inputs.

(3) A timing resolution of less than 1 ns (FWHM).

Fig. 1. Block diagram of the SPYBOX

Figure 1 shows the configuration of the SPYBOX.
When the FireWire communication protocol is not em-
ployed, each AsAd board sends its reference timing
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signal to the SPYBOX through FireWire connections.
Each timing signal is received by the LVDS receiver
with a proper termination in order to isolate the AsAd
circuits from the multiplexer circuits in the SPYBOX.
The LVDS signals are fed into the multiplexers, and
two signals are selected and transferred to a time-to-
digital converter (TDC) that measures the time differ-
ence between the two signals. A CPU module controls
the multiplexers and reads the data from the TDC.
The CPU module also communicates with the rest of
the PC.

We used Spartan3AN FPGAs as multiplexers and a
converter. It supports 50 LVDS inputs. Four FPGAs
were programmed to work as 32-to-1 × 2 MUX, and 2
signals were selected in each FPGA. Thus, total of 8
LVDS signals were chosen. They were fed to another
FPGA and were further selected to be the start and the
stop signals for the TPC. The last FPGA also worked
as a LVTTL level adapter. The start and stop signals
were fed to the ACAM TDC-GP21 through a coaxial
cable. It had a timing resolution of 22 ps. For the CPU
module, PIC18F4550 from Microchip Technology Inc.
was used.

We checked the time differences among channels us-
ing the SPYBOX. The timing differences ranged over
1.5 ns before adjustments. Therefore we used buffer
delays and look-up tables inside the FPGA chips to
minimize the difference. Figure 2 shows the time dif-
ference among the signals after adjustments. The stan-
dard deviation was less than 0.12 ns. It found we can
keep monitoring AsAd boards synchoronization upon
FPGA reprogramming with a 100-MHz clock.

Fig. 2. Time difference of the signals passing through the

FPGA
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A large acceptance and high magnetic rigidity 

spectrometer facility, SAMURAI,1,2) is under construction 
at RIKEN. We plan to perform breakup reaction 
experiments that focus on the structure of proton rich nuclei. 
The Si tracker is required to have an amplifier with a wide 
dynamic range of more than 2500.  
A dual gain amplifier that satisfies the requirement for a 

wide dynamic range has already been developed.3) However, 
it requires twice as many channels for the readout 
electronics. To avoid this drawback, we proposed an 
integrated circuit(IC) amplifier, having an output (Vout) that 
is proportional to the square root of the input (Vin). We term 
it the square root amplifier. The square root gain response 
of this amplifier is the most suitable to equalize the Z 
resolution because the corresponding energy loss is 
proportional to Z2. 
 Figure 1 shows the schematic diagram of the square root 
amplifier. An essential part of the square root amplifier is a 
variable gain amplifier. The inverter inverts the signal 
polarity, and the analog adder is used for DC offset 
corrections. 

 
The behavior of this amplifier is described by the 

following three regions. 
Region 1: (0<Vin<VTH1) When the applied input voltage is 

less than the turn-on voltage of comparator1, the amplifier 
behaves as a high-resistance device. Thus, Rf = R1 because 
R2 and R3 are disconnected. 
Region 2: (VTH1<Vin<VTH2) When the applied forward 

voltage is more than the turn-on voltage of comparator1, the 
amplifier behaves as a lower-resistance device. In region 2, 
Rf = R1||R2 because only R3 is disconnected. The symbol 
“||” indicates a combined resistance of the two resistors 
connected in parallel.  
Region 3 : (VTH2< Vin) In region 3, Rf = R1||R2||R3, because 

both R1 and R2 are connected in parallel. 
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We resolved Vout discontinuity problem at the comparator 
transitions by inserting an inverter and an adder to correct 
the voltage gap. VOffset1 and VOffset2 are defined as the voltage 
values applied when the input voltage passes VTH1 and VTH2, 
respectively. When the input signal is negative, Vclip 
clipping is effective in suppressing oscillation by lowering 
the gain.  

We fabricated an application specific IC (ASIC) chip for 
the square root amplifier with TSMC 0.5μm technology and 
compared the measurements with the design values. The 
ideal values were calculated by the equation (1) below. 
Equations (2)-(4) describe the voltage relations.  

 (1) 
  

The design values were as follows. 
  
Region 1 : ( 0<VAB<VTH1)                     (2) 
Region 2 : (VTH1<VAB<VTH2)                   (3) 
Region 3 : (VTH2< VAB<2.5)                (4) 
 

 

Figure 2 shows that the data taken are consistent with the 
design values and demonstrate that the fabricated ASIC has 
the suitable performance. We also confirmed that the output 
voltage signal, which corresponds to the input voltage of 
0.25 mV, is distinguishable from the noise level. The 
dynamic range obtained was 10000. 

In conclusion, we have developed a square root amplifier 
and achieved a dynamic range of ~10000. The achieved 
dynamic range exceeded our experimental requirement of 
2500 for the SAMURAI Si tracker. 
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Fig.1. Diagram of square root amplifier 
Fig.2. Comparison of ideal, design, and experimental  

values for input pulse 
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