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Shifan Xux*, Kun Liu*, Patrick Rall¥, Zhiyang He§, Yongshan Ding*
*Yale University  ¥IBM Quantum §MIT

Yale University

IBM Quantum

C2Q0A

i U

Magic State Distillation is Overview
considered to be one of the
promising methods for

supplying the non-Clifford Inputs Architecture-aware compiler BB-code factory Outputs
resoUrces req uired tO ach ieve Noisy non-Clifford resources Make the protocol fit the BB measurement model. Execute rotr?]teic;r;z:err?grg]]tr;.LPU-native @
. 1. Map logical qubits e ~N
unlve rsal faU|t t0|erance. @ @ @ choose BB logical labels for protocol rows -q> j":L
Conventional MSD protocols 2. Mask idle qubits T LA @
: : P /Distillation protocol A I LB 22 SHPRTH T [0 QU 91 ‘ % »
implemented in surface codes | | | - y
. . triorthogonal matrix 3. Schedule rotations
often require multiple code e et toe TSP order or prover 8 oations [ LPU measurements]
blOCkS and Iattice SUrgery - - ggyi?orvzg‘tr;?esa?yg:agl}rgiﬁl [ direct or pivot injection ] higher fidelity
rounds, resulting in substantial
qubit overhead, especially at 13 > 7 astive logical qubis 734 Chyscaawets 10711 Qupsterorseale .
low ta rget error rates.
In this work, we present Compilation Stack
practical magic state
distillation factories on
Bivariate Bicycle (BB) codes . : : " 25 = optmiast ortr
that t yp |( ) Mask idle qubits Schedule rotations by TSP 8o | o Random ot
al execute Faull- 4
measurement-based Clifford | | £ 0.
. . - : (a) Masking a non-native measurement by 3z II I
circuits inside a single BB code allowing Z to apply trivially on idle qubit(s) in |0). 0 U]E [ﬂﬂ 1
. .. : /8 /8 o Twoguss  Gws Twogows O Tuogeks  Gross Twagross
block. We formulate distillation L e )
. . . . . Distillation — | L — I -0
circuit design as a joint ogical | —Zi— o 7| 08 = Gross al Pauli
1 ' 1 1 1 Qubi _i I - 1 .'% . wo-gross all Paulis
optimization of logical qubit oD P 2 o 5 Two-grossal Paul
. : Idle Logical 10) I i_ {7 L -%0_4. ) - [ Gross Z only
mapping, gate scheduling, BB onatve T [I—
measurement nativization, and (b) Example native and non-native (but masked) 00 zﬂD PDfM4kd LI
protocol compression via qubit measurements in the 15-to-1 distillation protocol. ? umberof Masked
%g ; gril’g-i:atllz::r rder } 59.0%
recycling. Based on detailed 1|2 ]| % ]| %] | 2122 | | 2022 | | 20222 - i ona
resource analysis and 1021797374 || L2312y || 21237y | | 217774 §§30-¢50.0%l48.0% l26.1%1353%
mulati BB factori 292125 | 20242 ® Zon | | 202125 1| ZoZaZ5 ® Ty | § gzz e
SR, B R e N PN DA S DO e e ] 4, w
have space-time volume S CETNGG TS RN
comparable to that of leading
distillation factories while o _
delivering lower target error at Distillation Protocol Compressor
a smaller qubit footprint, and
are particularly compelling as Goal: Minimize peak active logical qubits
second-round distillers : : .. PP ..
E llow - tat Method: Recycle logical qubits that can be measured earlier in the distillation circuit
olliowing magic state
cultivations. | 7777777777777777777777777777777777777777772777277 |T) | | 7277777777777777777777777777777777777777772727277 |T) | 77777777 7777 777722272277777 77 77 7777 7777777722772Z |T)]
777777777777777 772 2222222222222 Z72ZM, 77777777 M, 77777777ZM7777 2777 M,
77727 77 77 717 7Z IZ ZZ M, 727 77 71 77 77777777 M, 22227 7212 7777727 7 7 7271 222272717,
77 77 77 72 M, 2222171 7777772 2722222222227 M, 727 77 72 77 77777777 M,
7777 7277 M, 77777777 . M, 7777 777IM77777777 MZZ 7Z 7Z7ZMZZ777777 M,
May initialize ~ zzzz 7777 M, . Z 777772727 reusing M, Z 7 7 727717 MZZ  ZZ 77277 M,
later! 7777 7777 M, Sao 77 77 7 777 M, 77 77 7 777 MZZZZ 77277 M,
77777777 M, MY 7777 77 77 M, 7777 77 7Z M,
77277777 M, 7712 2727, M, — -
. 72777777 M, "< zz777772 . M,
https://arxiv.org/abs/2602. 222222127 M, 22227727 %, M | |
727 77 17 7Z Y M, Z 77 77 7227 ., Saving qubits!
20546 Z2zz  Lllz / | M, “Z 22217 2777 .
77777777 M, < 77777777 M
Original matrix — Optimized matrix by row and column operations — Compressed matrix by qubit recycling
ISCA 2026 . ; ; ; ; ;
[ Logical Qubit Reduction: 49-to-1: 13—7 active logical qubits. 51-to0-3CS: 18—-9. 64-to-2CCZ: 17—10. }
e Simulation Results Highlights: find a proper protocol
e for your code
'oo--:°E,:°":§.:§=" :°:;E . .°;°::g:§ (a) Lo Pivot injection Direct injection
0t ROt P Bt 378 : : : g 107* [ automorphism [J in-module rotation [ intermodule+input [ residual
e B3 T glited® 1 Physical qubits required s 10 - . _
for gross factories g o] d (8-t0-CCZ)&%ss: Pphy = 10731 | source errors dominate
g . 0 g (15-t0-1)Gross, Pphy = 103 - operational errors dominate -
_ é 10-6 | p!nfeis[i)ple rﬁg.(?:r _10_103_ (20't0'4)Gr055rpphy =103 -source errors dominate-
1076 5101 grossouput £ L | 4 (1510 L) s Py ~ 10°* [ soures srvors dominate [N
T state error rate = 10_;;_(_;—8 e o 02 100 e e oo (49-t0-1)1wo-gross, Pphy = 103 operational errors dominate
CO N TA CT N ln-mod.ule ?rfor r-ate Pintra In-mOOfule e-rr.or rj‘alte Pintra (15-t0-1)Gross, Pohy = 104 operational errors dominate
E 10-7 Pivot injection Direct injection o (15_t0_1)-|-wo_ D _ 10_4 cource errors dominate
734 Physical qubits required & 10 NIV . i o | . . . . |
. g urrent he U 0.0 0.2 0.4 0.6 0.8 1.0
for two-gross factories E Lwl 0 JAE | Loo § Proportion of Total Error
Shifan Xu & 10 I o 12 0 S - b
— S 10°12 Infeasible region ] 3 Ou rce errors domlnate
11 3 10 flBpRlES o . -
Yale University 10 49-to-1 two-gross output £ 1075 e LAy 1 (1073 § X Protocol is not good enough - Pick a stronger protocol
. T state error rate g1 o N
ErT_]all' s 100 100 100 107200 200 0% 100 107 @ ( Operational errors dominate \
shifan.xu@yale.edu in-mocule error rate P in-module error rate P \Q Code is not good enough — Pick a weaker protocol




