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Abstract

Broadband radio interferometers have enabled many recent discoveries in the lightning field. As the field pushes to resolve faster lightning processes on smaller spatial scales, it
demands next generation lightning interferometers to run on higher sampling rates and to support more radio channels. In addition, flexibility in the operation configuration of
the instrument 1s highly desirable because of the broad emission spectrum and wide magnitude of lightning’s subprocesses. Within a modest budget, Xilinx’ RFSoC boards offer
a potential solution, but this often requires the development of custom FPGA designs, which is known to be difficult.

CASPER Toolflow is a collection of FPGA digital signal processing utilities and programming tools developed for radio astronomy. It supports several of the latest RFSoC
boards with multiple (e.g., 16) ADCs, each capable of multi-gigahertz sampling rates. The captured data can be transferred out of FPGA via 100 GbE connections. In this talk,
we will present our effort to utilize the CASPER Toolflow to develop a FPGA design for RIFTS (Radio Interferometer for Thunderstorm Studies) and share our experiences
working with the RFSoC ZCU 216 board. Our design methodology, developed functional blocks, and hardware testing practices can be readily adapted for other CASPER
Toolflow supported boards. We will present the capture results of multiple (e.g., 8) radio channels with a rate of giga-samples per second each and discuss how the data is

processed in the subsequent digital signal processing pipeline and then transferred to external storage devices.

Introduction

An affordable solution for developing the next generation
lightning interferometer is provided by the Xilinx RFSoC
boards, which integrate high-speed RF ADCs/DACs with
FPGA. The main features of the RFSoC include:

Direct RF sampling

Multiple RF channels, each capable of supporting
gigasamples per second (GSPS) data rate

Gigabytes of DDR4 memory
100 GbE Ethernet interface
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This, however, requires the development of custom FPGA designs, which 1s known to be challenging. A relatively accessible option is to use Matlab/Simulink and CASPER
Toolflow (Collaboration for Astronomical Signal Processing and Electronics Research). The CASPER Toolflow 1s a collection of toolsets developed for designing and
implementing high-performance digital signal processing (DSP) systems, allowing for rapid prototyping and deployment of DSP algorithms. A typical workflow for creating a

FPGA design using the CASPER Toolflow is as follows:
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In this approach, the access to hardware components (e.g., ADCs/DACs, bram, software registers) is provided by the hardware interface blocks from the CASPER Toolflow,
known as “yellow blocks.” The Toolflow invokes Xilinx tools to compile the Stmulink design and generate bitstream code. A Python library, casperfpga, is used to interact and

interface with the hardware, including firmware reconfiguration and reading/writing bram and registers.

An Example Design

ZCUZ16 i |— .
—{ci5 & in_reg | efg [—{ clkbdont
utc_next ‘
System — 1
ot linputwf32.0 = 32 bits —®{rext_ue sync_aut [—wfE—w<gync_gen] L p(d clk_entrés
_ - -l zt g+
run_-::nnflg>—> [ah] | | | | —®|sim_in  gpio_in ——pps oo from_pps [ [sync_gen] -
pps SYTC_OEn e (— clk32ont
| — o1 in_reg
SIC_mag —|—> mag 1 clk_cnira2
linputflG.0 = 16 bits o_cx [—{dn ﬁhﬂm \
-C- —W-om1l i reg —W<ise_inc ‘ : 3 :
s[c_phase_inc munge Overfl — b ! = g[—m hi
set to: [{{MHZ) — i dafs_SouEee:- g 16 16 16 16 16 16 16 — 0 Bwl-om1 inreg P<C  run_config Cuerflow - =n } — fcr pg 5m o reg b
(4250 M 24.0=24bits join 76543210 a i confia edoe_detect5 ; n v -
Unsigned [128,0] R0 = 2 bt rising edges > | overflow
Amoo_svis_tdata_sim  moo_axis_tdata — N Lnputwi3 0= 3 bits — ' g loutputuf2 0 = 2 bits
L . cant arm [Overflow 1z T_—m| cast|——®en
— - — | in —»
. . . din * il = edge_detect]
) m02_axis_tdata_sim mdZ_axis_tdata — —l—b + e
S0|eac—abal capt_arm allljg Eu:l_ge*:
. | 50 — linput:b = 1 bits active high
)rnj.l:l_axis_tdatn_sirn mld axis tdata | in1
——P|in2 -
q (gt [ ot
)mLE_E:iE_tdatn_sjm mlZ_axis_tdata — P
I—D' s Dus_out »d amp - 5t F——W|5ys st s_axis_tready —®| cast
)mEI:I_E:iE_tdatn_sjm m20_axis_tdata P inG » | tready tvalid
—{in7 50 ddrd_rst_gen
)mEE_E:iE_tdatn_sjm mZZ_axis_idata g AL
: ; —{| twalid tdata s aos tdate  m_axis_tdata
us_create
}msl:l_n:is_tdatn_sjm m30_axis_tdata P din
+—p=| tdata tready ||— - 1
cast[———m
} (22lkxis_tdate _sim m32_axis_tdata . s mos tvalid m_axis_twalid A— — > and |—®{we
ridc E}_"' [sync_gen] w0t 1 ] ready
Sync_gen sy anm trig
i Fapt arni>» (i 1 = BN e IN = B g
| —=din  valid I"Eﬁjtlil' —®| m_axis_tready status L[] > N —— rii-i"!g E:IFEE
I trigger —pb] "'”‘ET#""ﬁﬁ* — |—|- read enable active high d
. tolata EBE_‘”F! ! rig ] linput:b = 1 bits counted_capt
Maln fea’tures . out ————{i_reset  init_calib_complete
' . +—»| [ab] [—»< [Overflowl]
e 8 channels, each at 250 MSPS
1 —&M—WT_ ator viifo viifo_overflow
. L ‘ ~~Beg  sim_1 20 . :
rising edges Record status signals, once o_fill == 1
° NaITOW band trlgger9 actiEE "I;?;h d ‘-Mh"“*-.. viifo_rst_dur i~ _out_reqg out_reg (M—cast  [«— . - i
° . A :,-. __ ™ - - Z I—h
implemented with polyphase filter p sty g ———»|sel Linputuf32.0 = 32 bits dar_calib_comp — ”
— — 1 WEe
0|—dD 2 |— < [Overflowl] _
. €< put_reg out_req f——— viifo_empty v ¥
* GPS synchronized clocks a1 — 2 ss_sialus
|_>,,..-rr""'ﬂ SN 32 wide, 4096 deep
loutput:uf32.0 = 32 bits debuglD: 95227281
°

Runtime configuration of trigger
frequency band and threshold

Capture Trigger Generation

Each hit selects a column

a1 — i rgg sim_1 M 15
freq_col-cal
1) Linput:ufg.0
— | sync P 273 » sync sync_out P
s5ync choose the sync_out
moniter RF ch
sync sync_out P shift rb valid in Am_out
D P col id  talid - S arm
2 P din )
: dout — poll_inl poll_outl = in00 outd * Bin i valid_out
din rich_id _ valid
bus out —#— M pin sout M din out —e——M di
rich_sel  —lpoll in2 poll_out2 ——»{in01 S
outd1 » »{inl
. : col ser power_amp i
dout F =gl in_rfch »|poil in3 poll_out3 | P - - | | trig_gen |
o h fit_post tfigger for fixed duration captuge
C -
i . . . of
rich_inpyts o 3.0 = 3 bits 0 [——e— puljl'L_ ind poll_outd ——W =13 F
ke
ofb,_fir_real fit_wideband_real o[ 5 s Eo]-»
[ -
taps=4, add_latency=1 = Slages ane aut M)
(18,18) ync_
Truncate " Afader .’m+ hm_._
- in_valid
> o Heder » Ot 1™ ™
— in d
powert »Coul->
Upsampling as CASPER-fft requires at least 4 Only posi. freq (k=0, ..., 15)
parallel inputs, resulting 1 GHz data rate or a are output via two parallel _|_"LD-I-IJ-|+ ouL_arm '
; ne
bandwidth of 500 MHz. streams: re :
chld. . ch —{[a:b] [ 22 [ c out_valid &
. - im Ot |- rigger
Upsampling via interpolaton: add three zeros chl5, ..., chl ) 9
between two consecutive samples (see p. 108 of Each ch is output every 8 16 15 1/i fft_col_sel
RFS5oC_5SDR book). Note no low pass filtering is clocks.
done as the original spectrum that will be used is
preserved. With the ffit length fixed, the magitude
of outputs reduced by a factor of 47
DDR4 Interface Block - viifo
ddrd 0
3 —t{"> c0_ddr4
c0_sys D H 4+ CO0_SYS_CLK cDjniticaIi(l:f:SEnzre‘b: " - )
sys_rst [o— axi_interconnect 0 |+ C0_DDR4_S_AXI dbg_clk
M, |- SOO_AXI ::irdsr:_aresetn d::?__::jfi:l‘]:
% dest clk | ACLK c0_ddrd_ui_clk_sync_rst
- dest_rst_cut ARESETN N
‘ A | S00_ACLK IEI MOO_AX| 4 fifed DDR4 SDRAM (MIG)
e SO0_ARESETN g™ g
MOO_ACLK
MOO_ARESETM P Kpm}:dcfgenfl "
axis_interconnect 0 i __ are clk
; @ axivfifo_ip_0 awis_register_slice_0 frlnterconnect dest_clk dest_out]0:0] c0_init_calib_compls
s.adis O *':ciiuﬁms | N ) ) axis_clock_converter 0 sre_in[0:0]
ARESETN e +— o+ SIS L | ; i ; ¥pm_cdc g
SO0_AXIS_ACLK MOO_AXIS + =4+ S_AXIS MAXI + = ] ”‘Em M_AXIS +r o T S8 - a}{—m_dwwdth_cowerter_o axis r;-:;;;t_e; clice 1
lk div2 0 ¥ y )| ares s_axif_ares n } | ! 2
% fﬂ?}?}_ﬁ;jaZiErN :i::)'((I_ARESEI'N RTL n_av:rﬂﬁcf;lxlr n,‘}- o v :: m_axls_all':setn M_AXIS + [ += ‘Sk_AXIS - +L 4 s
dkin  RTL diva_dk . MOO_AXIS_ARESETN ireset oS- S S-ame_ac = -
4[ ‘ o_empty m_axis_aclk " etn ’_ Ik M_AXIS 4 = m_axis
- - ——— o 5 o ————— < o_fill[27:0] je . ), L ) setn
Al dive vl 0 Axla-Stream Interconnect § ) AX14-Stream Clock Converter AX14-Stream Data Width Corwerter ) )
i_reset [ axivfifo_ip v1_0 o Stream Register Slice
not_0 c_shift_ram_0 -
‘ﬁ| . 1n0[0:0]
‘*9’“" D[0:0] In1[0:0]
‘ ‘ cLK olo:0l 1n2[0:0] dout{31:0] O status[31:0]
Utility Vector Logic A S In3[0:0]
ok O RAM-based Shift Register In4[27:0]
Concat
Multiple Channel Capture Test Trigger Test

The 10 MHz reference clocks distributed by a
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The signal from a broadband noise generator was split and then injected into 2 RF channels while the other 2 RF
channels were connected to 50 ohm terminators. The triggering was simulated as a sudden increase of digital gain

from 10 to 100.
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We have investigated the methodology of designing FPGA systems using the CASPER Toolflow. Developing an FPGA design involves a complex workflow consisting of
various stages and often requires multiple design iterations. The CASPER Toolflow provides a relatively accessible workflow for lightning researchers to leverage

CASPER-supported FPGA boards. The Simulink blocksets offered by the CASPER Toolflow allow developers to access critical hardware resources (e.g., ADCs/DACs, bram,
software registers) and DSP algorithms (e.g., FFT, polyphase filter banks) without requiring detailed knowledge of the underlying hardware components.

However, the current version of the CASPER Toolflow lacks support for DDR memory. Access to DDR memory on FPGA boards 1s crucial for high-performance lightning
instrumentation. To address this, developers may need to create a CASPER-style Simulink block to integrate DDR memory. This process can be both challenging and
time-consuming.
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